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Abstract
For the universities of the emergent countries, and those of Cameroon in particular, the
ﬁght to reach a durable development requires to know the needed scientiﬁc and technical
information for their development, how to get it and to spread it out among partners in
the country. Obviously, the complete answer to these preoccupations lies well beyond the
framework of this project, but a projection, partial but highly signiﬁcant, can nevertheless
be obtained if one concentrates one’s eﬀorts on a speciﬁc technological ﬁeld : in the present
study, we shall treat of antennas for telecommunications systems. This subject is highly
suitable as example and potential incubator for future achievements.
The ultimate goal is to design and carry out the fabrication of a system of satellite
communications adapted to the ﬁnancial resources and to the development needs of the
universities of the South. First of all, we will review the state of the art in satellite
communication systems, both for already operating ones and also for new systems, still
under development. Then we will determine which system of satellite telecommunications
has a receiver and communication fees with aﬀordable costs : our choice will be made
on Worldspace satellite system, which was actually designed for developing countries. We
will also review the status of planar antenna and low noise ampliﬁer technology, and then
explicit the basic challenge involved in our thesis project.
One of the aims of this project is to use local wood as dielectric in SSFIP type anten-
nas. Before using a material as dielectric in an antenna design, it must be characterized.
Before carrying the characterization of local wood species, we will begin by reviewing some
commonly used dielectric measurement techniques. Then we will carry out a series of mea-
surements to characterize the species of wood growing in the Cameroonian forest. At the
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end of the series of measurements and according to the dielectric losses observed, we will
select the species of wood best suited to make a good substrate for a microstrip antenna.
Next, we will design, manufacture and test low cost antennas. These antennas must
satisfy not only technical criteria compatible with those of the telecommunications system
chosen but, even most importantly, it must meet socioeconomic criteria : the antennas
must be manufactured with low cost and locally available materials, making use of simple
technological processes. Once we have found the wood species that exhibits the lowest
dielectric losses, we will simulate, and then manufacture the SSFIP type antenna with wood
as substrate and aluminium as conducting element. Then we will measure its characteristics
and check whether they are compatible with those of a Worldspace receiver.
The signal received from the satellite by the antenna is very weak. It will be important
to strengthen the received signal with a low noise ampliﬁer (LNA) before connecting the
antenna to the receiver. Thus the antenna and the LNA constitute an active antenna and
form what we call here the radiofrequency (RF) front-end. We will design, manufacture
and measure the LNA characteristics. A simple manufacturing process must be used to
realize these antennas, because later on they must be manufactured locally in Cameroon :
this is a determining challenge to ensure the economic independence, which is essential in
our thesis project. Afterwards we will join the LNA to the planar antenna and connect the
active antenna obtained in this manner to a commercial Worldspace receiver. Finally, we
will perform receiving tests of the Worldspace radio station with the system designed.
In parallel, our project includes a second goal, which presents an equivalent signiﬁcance.
We will use existing Matlab codes to develop an online course to teach antenna theory. In
addition, at the end of the project and when the Cameroonian local manufacture would
have started, we will put all algorithms used for the antenna design on the web site in
a multi-media applet, together with a complete documentation of all the manufacturing
technologies used. The courses that already exist in Lausanne and Yaounde, relating to the
description of other types of antennas will be added, thus leading to a complete teachware
that would ensure the durability and the dissemination of the results obtained, and would
provide an invaluable tool for teaching and training.
x
Key words : Wood characterization, Planar antenna with wood as substrate, Low
noise ampliﬁer, Satellite reception system, e-Learning.
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Résumé
Pour les universités des pays émergents, et pour celles du Cameroun en particulier, la
lutte pour accéder à un développement durable nécessite la connaissance des sources
d’information scientiﬁque nécessaires à leur développement, comment y accéder et ensuite
les diﬀuser parmi les partenaires du pays. La réponse globale à ces préoccupations dépasse
bien évidemment le cadre de ce projet, mais une avancée, partielle mais hautement signi-
ﬁcative, peut néanmoins être obtenue si l’on se concentre sur un domaine technologique
spéciﬁque : dans la présente thèse, les antennes pour systèmes de télécommunication. Ce
thème est susceptible de servir d’exemple et d’incubateur pour des réalisations futures à
long terme.
Le but ultime du projet est de concevoir et de réaliser un système de communication
par satellite adapté aux ressources ﬁnancières et aux besoins de développement des uni-
versités du Sud. Dans un premier temps, nous ferons l’état de l’art des systèmes actuelles
de télécommunication par satellite qui sont déjà opérationnels ou qui sont en cours de
développement. Puis nous déterminerons le système de télécommunication par satellite
ayant un coût abordable pour ses équipements de réception : notre choix se portera sur
le système de télécommunication par satellite Worldspace, qui a été conçu à l’origine pour
les pays émergeants. Nous ferons ensuite l’état de l’art des antennes planes et des ampliﬁ-
cateurs à faible bruit et nous expliquerons les déﬁs auxquels nous aurons à faire face dans
notre projet de thèse.
Un des objectifs de ce projet est d’utiliser le bois que l’on trouve localement au Camer-
oun comme diélectrique dans une antenne de type SSFIP. L’utilisation de tout matériau
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comme diélectrique dans la conception d’une antenne plane nécessite au préalable de con-
naître ses caractéristiques. Avant de commencer la caractérisation proprement dite, nous
ferons d’abord l’état de l’art des techniques de mesure couramment utilisées pour la car-
actérisation des diélectriques. Ensuite nous eﬀectuerons une campagne de mesures pour
caractériser des essences de bois disponibles dans la forêt camerounaise. A l’issue de la cam-
pagne de mesures, et en fonction des pertes diélectriques observées, nous allons sélectionner
les essences les plus susceptibles de jouer le rôle de substrat d’une antenne plane.
Dans un deuxième temps, nous allons concevoir, puis fabriquer et tester des antennes à
faibles coûts de revient. Celles-ci doivent satisfaire non seulement des critères techniques
compatibles avec ceux du système de télécommunications choisi, mais surtout des critères
socioéconomiques : elles doivent pouvoir être fabriquées avec des matériaux de prix abord-
ables, disponibles localement, et en suivant des processus technologiques simples. Lorsque
nous aurons choisi l’essence de bois ayant les plus faibles pertes diélectriques, nous allons
simuler, puis réaliser une antenne plane de type SSFIP, avec des substrats en bois et des
plaques métalliques en aluminium. Nous allons ensuite mesurer ses caractéristiques et
contrôler si elles sont compatibles avec celles d’un récepteur Worldspace.
Le signal reçu d’un satellite par une antenne est très faible. Cette situation nécessite
une pré-ampliﬁcation de ce signal à l’aide ampliﬁcateur faible bruit (LNA) avant de relier
l’antenne au récepteur. L’antenne et le LNA constitueront ainsi une antenne active et
formeront ce que nous appellerons ici le "RF front-end". Nous allons associer à l’antenne
conçu précédemment cet ampliﬁcateur à faible bruit et faire des tests de réception des
signaux satellites Worldspace. Cette antenne sera mise au point à l’aide d’un processus de
fabrication simple, car la fabrication locale camerounaise de ces antennes présente un déﬁ
déterminant pour l’indépendance économique qu’entend promouvoir la conduite de notre
projet de thèse. Après nous allons relier l’antenne active ainsi obtenue à un récepteur
commercial de Worldspace. Enﬁn, nous eﬀectuerons des tests de réception des stations
radio par satellite de Worldspace avec le système de réception conçu.
En parallèle, notre projet poursuit un second but, d’importance équivalente. Nous
ferons usage des codes Matlab existants pour mettre au point un cours en ligne pour
xiv
enseigner la théorie des antennes. En plus, à la ﬁn du projet et quand la fabrication locale
camerounaise aura débuté, nous mettrons tous les algorithmes ayant servi à la conception
de ces antennes sous forme de logiciels et d’applets multimédia sur un même site Web,
avec une documentation complète des technologies de fabrication. Les cours qui existent
déjà à Lausanne et à Yaoundé, relatif à la description d’autres types d’antennes, viendront
s’y ajouter, aboutissant ainsi à un didacticiel complet qui assurerait la durabilité et la
dissémination des résultats obtenus, et fournirait un outil précieux pour l’enseignement et
la formation.
Mots-clés : Caractérisation du matériau bois, Antenne plane avec substrat en bois,
Ampliﬁcateur faible bruit, Système de réception par satellite, e-Learning.
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Introduction
Context and objectives
This thesis is the result of a collaboration undertaken between the Laboratory of Elec-
troMagnetism and Acoustics (LEMA) of the Ecole Polytechnique Fédérale de Lausanne
(EPFL) in Switzerland and the Electronic and Signal Processing Laboratory (LETS) of
the University of Yaounde I in Cameroon. The joint eﬀort was made possible by the ﬁnan-
cial support provided by EPFL and the Swiss Agency for Development and Cooperation
(SDC). The main object of the thesis relates to wireless communication and in particular
to satellite telecommunications.
With rich oil resources and favorable agricultural conditions, Cameroon has a wonderful
primary commodity economy and potential for growth. Its political stability is a favorable
climate for business enterprise. The development of the oil sector led to rapid economic
growth between 1970 and 1985. The growth came to an abrupt halt in 1986, precipitated
by steep declines in the prices of major exports: petroleum, coﬀee, and cocoa. Nowadays,
the whole country is engaged in a wonderful economic growth rate of 5% per year. Various
International Monetary Fund (IMF) and World Bank programs were enacted to support
the economic policy of the government. Since 1990, the government has embarked on
various IMF and World Bank programs designed to support business investment, increase
eﬃciency in agriculture, improve trade, and recapitalize the nation’s banks.
Cameroon’s economy is dominated by the tertiary sector, which accounts for 41% to
gross domestic product (GDP), followed by the primary sector, 35% and the industrial
sector, 24% [1].
Cameroon has a rich and diversiﬁed commodity-based economy. Agriculture was the
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sole engine of growth and foreign-exchange earnings until the late 1970s when oil became
the primary engine of growth.
Food and export crops, livestock, ﬁshing and forestry are the mainstay of the economy,
accounting for about 29% of GDP, employing some 50% of the active population, and gen-
erating more than half of total export earnings. The petroleum and manufacturing sectors
represent 20% of GDP. The oil sector accounts for less than 5% of GDP but contributes
35% of government revenue and export receipts. The secondary sector contributes 31% of
GDP and employs 15% of the population [2]. The tertiary sector is dominated by com-
merce, restoration and hotel (47% of tertiary GDP), followed by merchant services other
than ﬁnancial, banking and insurance services. Transports, warehousing and communica-
tions are the fourth component of the tertiary sector (14.5%), coming just after merchant
services of public administrations (16.5%).
In most developing countries in general and in Cameroon in particular, a growing pro-
portion of workers are devoted to the tertiary sector. In Cameroon communications equip-
ments are all imported. The aim of our project, which is linked with telecommunication
systems, is to reduce the importation of these equipments by manufacturing locally anten-
nas using local materials and local labor forces. This will create job and hence reduce the
poverty.
Cameroon is also the most important market in the Communauté Economique et Moné-
taire de l’Afrique Centrale (CEMAC), accounting for nearly half of the GDP.
Nowadays, as all the current projects point out, commercial, institutional and govern-
mental satellites will play an increasing role, by broadcasting information towards regions
lacking cable or optical ﬁber connections. This could be particularly relevant for Africa and
for many other rural regions of the world. A receiver for this type of satellite communication
typically includes a fairly standard electric part, but also a more speciﬁc radiofrequency
(RF) front-end (usually consisting of a low noise microwave ampliﬁer and an antenna).
This RF front-end provides the "air interface" part of the system, which links directly to
electromagnetic (EM) waves and must be tailored to ﬁt the environment reception condi-
tions.
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The main goal of this thesis has been to investigate the feasibility of an inexpensive
RF-system, based essentially on the use of local materials, in order to reduce the techno-
logical dependence of emerging countries. Obviously, one cannot avoid the use of some
commercial electronic components fabricated elsewhere. However, these are now low-cost
items, available everywhere without restrictions. It is rather the design of the receiver
system, built up with these basic components, that gives an edge, imposing a high (and
frequently unfair) price to all those who lack the technical expertise. A similar situation
is encountered at the antenna level. Usually the materials needed for a proper operation
of the antenna (low loss dielectrics like Teﬂon or Kapton, printed copper sheets in thin
ﬁlm technology) are too sophisticated to be manufactured by local workshops in emerging
countries. This thesis provides an alternate way, by designing and building antennas based
entirely on local materials and unsophisticated technology. In parallel to these eﬀorts, the
matter of the information contents has also been addressed. A satellite communication
system will essentially broadcast commercial or governmental radio and TV channels. But
it can also be used to access Internet and email services, and then to set up small lo-
cal communication networks for speciﬁc communities such as Universities. For instance,
teaching material and e-courses can easily be made available from a web-based system at
the University of Yaounde. A rich potential does exist for these courses, together with an
already proven previous expertise [64].
This project has also provided an opportunity to put together, on an equal basis, the
resources available on this matter at LEMA and LETS. The ﬁnal result is a series of
simple teaching supports that can be broadcast without special requirements in terms of
bit-rate, bandwidth or data transmission speed. These small pieces of software have been
successfully tested at EPFL, mostly within the course "Rayonnement et Antennes" taught
to third year Electrical and Electronics (EE) students at the end of Bachelor cycle. They
form now a basic staple of this course. These softwares form the main part of an existing
antenna course, which can be provided to any student duly registered in a participant
university that can receive the satellite broadcasts.
Thus, this thesis is formed by two seemingly dissimilar topics (low cost RF front-end
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and teaching software) that are here grouped together by the need of addressing the same
social target.
The speciﬁc situation in emergent countries
For the universities of emergent countries, and those of Cameroon in particular, the
ﬁght to achieve a sustainable development requires an answer to the following fundamental
questions :
1. Which sources of scientiﬁc and technical information should one use in priority ?
2. How can one obtain the relevant scientiﬁc information ?
3. Once obtained, how can one diﬀuse this information among partners within the coun-
try ?
Obviously, an exhaustive answer to these questions is well beyond the scope of our
thesis project, but nevertheless a projection, partial but highly signiﬁcant, can at least
be obtained while concentrating on a speciﬁc technological ﬁeld : antennas for systems of
telecommunications. This subject is well adapted to serve as an example and to provide
an incubator to evolve future developments for the long term.
The ultimate goal is to conceive and to carry out the construction of a system of
communication via satellite, adapted to the development needs of universities in the South,
and thus guaranteeing to answer the third question raised above. In a ﬁrst stage, we will
design, manufacture and test antennas. These antennas must not merely satisfy technical
criteria but also, especially, socio-economic criteria : they must be manufactured with
indigenous materials, locally available, and following simple technological processes. For
example, locally manufacturing Cameroonian antennas sets a determining challenge for
economic independence that this project intends to face. Also, the possibility of combining
the system with integrated solar cells, which would provide clean autonomous power, would
guarantee environmental safeguarding.
As previously mentioned, our project pursues in parallel a second goal of equivalent
importance : the development of a web-based antenna course to ensure the durability and
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the spreading of results obtained. This would provide an invaluable tool for teaching and
training.
The steadily increasing number of students, the obsolescence of equipment and the
deterioration of the quality of teaching are driving the university authorities of the South to
look for sustainable and not too expensive solutions, that would allow them to provide high
quality teaching. Two problems arise in African universities in general-and in Cameroonian
ones in particular when reaching and/or spreading out information :
• Lightning fast evolution of technologies, which make Internet and wireless communi-
cations the principal channels of information ﬂow;
• Recurring costs of subscription fees for the telecommunication operators.
The goals of our thesis project, which aims to mitigate these two problems are :
1. To design low-cost antennas, built with local materials and making use of local man-
ufacturing facilities : this represents a scientiﬁc challenge of capital importance. In
addition, this approach opens the way to the electromagnetic characterization of var-
ious species of wood material available in great quantity in Cameroon, and hopefully
to the setting of local industries;
2. To design a web-based antenna course, in order to enhance the relevance and the
quality of university teaching;
3. To develop an inter-university system of communication, less expensive than present
ones, adapted to the needs for endogenous development for universities in the South,
thanks to the realization of receiving satellite micro-stations.
Organization of the thesis
The ﬁrst chapter of this thesis reviews the state of the art in satellite communication
systems, both for already operating ones and also for systems presently under development.
The emphasis will be placed here on the cost of the communication equipment because our
main objective is to provide Southern countries with an aﬀordable communication tool.
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Based on these two criteria, one of the telecommunications systems will be selected. This
chapter will also review the state of the art of planar antennas and low noise ampliﬁer
technology, and then will explicit the basic challenge involved in our thesis project.
The second chapter is devoted to know whether high-tech microwave substrates can be
replaced by something as widely available as wood. The quality of wood as a microwave
printed antenna substrate will be deﬁned by the complex permittivity and permeability
parameters. Before we carry out these measurement, we will begin by reviewing some di-
electric measurement techniques commonly used. Among all these measurement techniques
we will use at least two available ones in our laboratory. The ﬁrst one will be considered
as reference with the second one used to conﬁrm and to check some critical results. We
will measure the characteristics of ﬁve species of wood, and will focus especially on the
dielectric constant and the losses. After the evaluation of the loss tangent, the woods that
can best be used as dielectric substrates will be selected.
In the third chapter we will manufacture a well known type of planar antenna, SS-
FIP (Strip-Slot-Foam-Inverted-Patch) antenna, and will replace the high-tech microwave
substrates by wood substrate and the conducting elements by aluminium. We will pro-
gressively go from SSFIP antenna to aluminium-wood antenna using the selected species
of wood from the previous chapter and the least expensive way to assemble them. Then,
measurements will be carried out for the diﬀerent manufactured antennas to quantify the
quality loss with respect to the reference SSFIP antenna. After this we will select the wood
antennas that can be connected to a satellite receiver.
The fourth chapter will review some concepts and calculations relative to low noise
ampliﬁers (LNAs). These ampliﬁers are essential companions of the antenna in any RF
front-end. Then an LNA will be designed, manufactured and its characteristics will be
measured to verify the validity of the simulation. Afterwards the LNA will be integrated
with the planar antenna, the assembly thus becoming an active antenna, which can be
connected to a commercial Worldspace receiver. Finally, receiving tests of the Worldspace
radio station will be conducted with the complete system.
The ﬁfth chapter will present a remote course for the teaching of antenna theory, to
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provide contents and to test the developed transmission system, providing an invaluable
tool for teaching and training. Some of the simulations will be illustrated, to allow for a
better understanding of the proposed philosophy.
The last chapter will conclude the work done during this thesis project and will high-
lights some perspectives for future endeavours.
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Chapter 1
STATE OF THE ART
In this chapter, we will review the state of the art in satellite communication systems,
both for already operating ones and also for new systems, still under development. The
emphasis will be placed here on the cost of the communication equipment, and also on the
communication fees, because our main objective is to provide Southern countries with a
low cost communication tool. These two criteria will determine our choice of a system. We
will also review the status of planar antenna and low noise ampliﬁer technology, and then
explicit the basic challenge involved in our thesis project.
1.1 Aﬀordable satellite communication systems
1.1.1 INMARSAT system of telecommunications
Inmarsat [3] (stands for International Maritime Satellite organization) is a commercial
system of telecommunications. It comprises 9 active satellites (Figure 1.1), with an ad-
ditional 5 spares, and it provides telephony, data, telex and fax services, carried out with
the support of 37 ground stations. It provides an almost global coverage of the terrestrial
sphere (Figure 1.2).
Inmarsat possesses a large experience in the design and operation of satellite commu-
nication networks. It is internationally recognized and keeps introducing new technologies
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Figure 1.1: INMARSAT Satellite Constellation
that upgrade the standard of the industry. It oﬀers a complete portfolio of mobile voice
and data services, reaching almost anywhere on the planet, whether on land, on sea or
in the air. Its customers include major corporations from the maritime, media, oil and
gas, building and aeronautical industries, as well as governments and aid agencies. All
these customers have a common need for mobile communications in places where the local
network is unreliable or simply does not exist. They rely on Inmarsat to provide mission-
critical mobile connectivity and its services are a trusted and integral part of their global
operations. Land-based customers already enjoy the beneﬁts of their Broadband Global
Area Network service - BGAN - which oﬀers global voice and high-speed data connectivity
via terminals of the size of a laptop. It operates in the L band between 1.5 and 1.6 GHz.
Table 1.1 provides a summary of BGAN receivers [4]. Within sight of the characteristics
and prices, our choice would go to the model BGAN-AddValue. But the price of $ 2,095
remains quite high, as far as the objectives stated at the beginning of our project are
concerned.
12
1.1. AFFORDABLE SATELLITE COMMUNICATION SYSTEMS
Figure 1.2: INMARSAT Cover Zone
1.1.2 GLOBALSTAR system of telecommunications
Globalstar [5] provides low cost, dependable high quality satellite voice and data services
across North America, and to more than 120 countries worldwide (Figure 1.3). When a
business is located on a remote worksite, and must operate somewhere beyond the realm of
cellular and traditional landline service, Globalstar provides a means to meet the require-
ments for reliable and low cost communications.
Mobile and ﬁxed units oﬀer voice and data services that meet the needs of business and
recreational users. Globalstar data services help deliver information from remote areas,
where key business or operational data are collected, saving time and money for countless
companies.
Globalstar voice and data customers include businesses that operate in areas where
landline service is not available, and where cellular coverage is poor or non-existent. Natural
resource companies, long-haul transportation operators, commercial ﬁshermen, government
employees, recreational and travel enterprises, geologists, prospectors and public safety
organizations all value Globalstar products and services.
Globalstar is a low Earth orbit satellite constellation (Figure 1.4) for telephone and
low-speed data communications. Globalstar satellites are simple "bent pipe" repeaters
without any inter-satellite link. A network of gateway ground stations connects the 48
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Table 1.1: BGAN Terminals
R-BGAN AddValue Nera Satcom Thrane and
Thrane
HNS
Terminal’s
dimension
300 x 240 mm 210 x 140 mm 200 x 140 mm 300 x 200 mm 365 x 275 mm
Weight (kg) 1,8 kg 1,25 kg < 1 kg 1,3 kg 2,5 kg
Sending rate 144 kbit/s 384 kbit/s 384 kbit/s 464 kbit/s 492 kbit/s
Reception rate 144 kbit/s 240 kbit/s 240 kbit/s 448 kbit/s 492 kbit/s
Guaranteed
rate
No 32, 64 kbit/s 32, 64 kbit/s 32, 64, 128 kbit/s 32, 64, 128, 256
kbit/s
Connection op-
tions
USB, Bluetooth,
Ethernet
USB, Bluetooth,
(voice/data),
RJ11
USB, Bluetooth,
(voice/data),
RJ45
USB, Bluetooth,
(voice/data),
RJ11, Ethernet
USB, Bluetooth,
WiFi 802.11b
hub, RJ45, ISDN
64Kbps
Compatible op-
erating systems
Windows 2000,
Windows XP
Windows 2000,
Windows XP,
Mac OS 10.2,
and Linux higher
version
Windows 2000,
Windows XP,
Mac OS 10.2,
and Linux higher
version
Windows 2000,
Windows XP,
Mac OS 10.2,
and Linux higher
version
Windows 2000,
Windows XP,
Mac OS 10.2,
and Linux higher
version
Index of protec-
tion (dust and
moisture)
IP 54 IP 44 IP 44 IP 54 IP 55
Customer
applications
Oﬃce automation Voice, Oﬃce au-
tomation
Voice, Oﬃce au-
tomation
Voice, Oﬃce au-
tomation, Heavy
ﬁle transfer, Ac-
quisition and dif-
fusion of videos,
Encrypted traﬃc
Voice, Oﬃce
automation,
Heavy ﬁle
transfer, On line
videos diﬀusion,
Videoconference,
Encrypted traﬃc
User proﬁle help solution,
Data only,
Regional activity
Professional use,
help solution use
User in a
company,
Requirement
for professional
temporary
mobility
User in a
company, Work-
station, ISDN
network connec-
tions, Sensible
applications
Multi-user
environment,
Intensive use
Suggested uses SME, Finance,
Supply chain
NGO, Oil indus-
try, Telephony
and local Internet
NGO, Oil indus-
try, Mining, Gov-
ernment, BTP
Media, Govern-
ment
Media, Gov-
ernment, Oil
industry, Mining,
BTP
Price $ 699 $ 2,095 $ 2,300 $ 3,165 $ 2,950
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Figure 1.3: GLOBALSTAR Cover Zone
satellites to the public switched telephone network; users are assigned phone numbers on
the North American Numbering Plan, or on the appropriate phone numbering plan for the
country in which the overseas gateway is located. Since satellites are not directly linked to
one another, a satellite must always be on the line-of-site of a gateway station to provide
service to its customers.
Globalstar utilizes a version of Code Division Multiple Access (CDMA) technology,
based upon the IS-95 CDMA standard, to provide high quality, digitally crisp voice, data,
and fax services. This standard utilizes digital transmission methods, in which users share
time and frequency allocations, and are assigned uniquely deﬁned codes.
In view of all the above considerations, the Globalstar system is very appealing for the
kind of project we plan to develop in this thesis. Unfortunately, at the present time, the
Globalstar range does not cover Africa. Since our mid-term goal is to demonstrate the
feasibility of our approach for Cameroon, we are forced to disregard this option.
15
CHAPTER 1. STATE OF THE ART
Figure 1.4: GLOBALSTAR Satellite Constellation
1.1.3 IRIDIUM system of telecommunications
The Iridium [6] satellite constellation (Figure 1.5) is a system of 66 active communication
satellites and spares in orbits around the Earth. The system was originally designed to have
77 active satellites, and as such was named after the element iridium, of atomic number
77. The original name was retained, even though the number of active satellites is smaller
than originally planned. Iridium allows for worldwide voice and data communications
using handheld devices. The Iridium network is unique in that it covers the whole Earth,
including the poles, oceans, and airways, however the use of this service is forbidden in
North Korea, Iran, Libya and Sudan, due to American embargoes.
The IRIDIUM system is a satellite-based Personal Communication Services (PCS) or
Mobile Satellite Services (MSS) system, which supports global, wireless digital communi-
cations. IRIDIUM provides voice, messaging and data services to mobile subscribers using
handheld user terminals.
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Figure 1.5: IRIDIUM Satellite Constellation
Iridium Satellite LLC (Limited Liability Corporation) launched commercial global satel-
lite communications services with enhanced products (Table 1.2) and services. Service en-
hancements include improved voice quality and simpliﬁed pricing plans. Soon after launch,
Iridium expanded its service portfolio to include also data services. Iridium Satellite LLC
is focused on providing aﬀordable, dependable, long-term global communications.
The design of the Iridium network allows for voice and data to be routed virtually
anywhere in the world. Voice and data calls are relayed from one satellite to another
until they reach the satellite above the Iridium Subscriber Unit (handset) and the signal is
relayed back to Earth.
The satellites are on near-polar orbits at an altitude of 780 km. They circle the Earth
once every 100 minutes, travelling at a rate of 27,088.5 km per hour. Each satellite is cross-
linked to four other satellites; two satellites in the same orbital plane and two in adjacent
planes.
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Table 1.2: MOTOROLA Portable Satellite Phone [7]
Name Price
9500 $ 799.99
9505 $ 1,395
Figure 1.6: THURAYA Cover Zone
1.1.4 THURAYA system of telecommunications
The Thuraya satellite system [8] is a provider of regional satellite phones. Through part-
nership with leading national telecom and mobile communications companies, Thuraya
provides blanket coverage (Figure 1.6) to more than 110 countries in Europe, North, Cen-
tral Africa and large parts of Southern Africa, the Middle East, Central and South Asia.
The service operates a single active geostationary communications satellite, with one spare
for backup, while a third satellite is planned for launch in 2007. The launch of a similar
Far East and Australia service is planned for 2007.
The company is based in the United Arab Emirates and provides service through au-
thorized service providers. Its shareholders are a mixture of Middle Eastern and North
African Telcos and investment companies.
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Thuraya provides the following satellite-based services : voice communications with
handheld terminals (Hughes and Ascom) and maritime or land-based ﬁxed terminals, short
message service, 9.6 kbit/s Data & Fax service, 144 kbit/s high-speed data services, built-in
GPS capability, a number of value-added services, such as news, call back, voicemail, WAP,
etc.
Thuraya integrates satellite, Global System for Mobile communications (GSM) and
Global Positioning System (GPS), all in the same handset. Each handset oﬀers therefore
voice, data, fax, messaging and location determination (GPS).
Thuraya’s service is valuable to a wide variety of users : from regional roamers to inter-
national travellers, from international transportation ﬂeets to national marine operators,
from relief and rescue crews to workers in remote industrial sites.
The ThurayaDSL receiver price is $ 1,525.00. This price remains quite high, as far as
the objectives stated at the beginning of our project are concerned.
1.1.5 Worldspace system of telecommunications
The Worldspace system of satellites [9] allows to :
• receive radio transmissions in numerical quality within covered zones;
• access a clean channel for data transmission, thanks to the DATACAST service on
the zone covered by the Afristar satellite.
WorldSpace is a digital satellite radio network based in Silver Spring in the USA.
WorldSpace satellites are "geostationary", orbiting the globe in ﬁxed positions more than
35 000 kilometers above the equator. The satellite network covers (Figure 1.7) most of Asia
and Europe, as well as all of Africa. The company is also licensed to serve South America
and Central America, but the services for those regions did not start yet. Many channels
are free of advertising, and they are known to carry high quality programs.
Currently, two satellites are in use, AfriStar and AsiaStar, which were successfully
launched in October 1998 and in March 2000, respectively. AfriStar serves Africa, Eu-
rope, and the Middle East, while AsiaStar serves most of South Asia and overlaps in the
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Figure 1.7: WORLDSPACE Cover Zone
Middle East. Plans to launch a third satellite, Ameristar, to serve South America were
not carried out, because the frequencies used by WorldSpace (L band) are commanded by
the United States Air Force. Each satellite provides three transmission beams, which can
support 50 channels each, carrying news, music, entertainment, and education, including
a computer multimedia service. Using powerful spot beams, the satellites transmit up to
three overlapping areas, covering approximately 14 million square kilometers each.
The Worldspace’s AfriStar control center is located in Washington, D.C. The WorldSpace
Foundation started oﬀ with the objective of improving literacy in Africa, and it provided
satellite programs to radio stations in small communities of the African continent. The
WorldSpace Foundation changed its name to First Voice International. However, the orig-
inal plan of WorldSpace, to oﬀer low-cost satellite radio services to rural Africa failed,
because the receivers were too expensive. As a result, the service provided can only be
accessed by expatriates and by the wealthier members of the urban African society. The
western beam of the Afristar satellite, ostensibly intended to cover West Africa - but which
is also received in most of Western Europe - now carries subscription stations aimed mostly
at Europeans.
Despite what has been said Worldspace remains a good candidate for demonstration
purpose because simple receivers are available at prices starting at US$ 100. This also
gives us a frame for the "reasonable" prices that should be exhibited by the antenna and
RF front-end associated to the full receiver.
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1.1.6 Choice of the satellite system of telecommunications
The satellite systems described here were developed with diﬀerent goals and objectives.
The summary presented in the Table 1.3 allows the reader to compare their respective
merits and drawbacks, and then to draw his own conclusion.
Table 1.3: Summary table
INMARSAT GLOBALSTAR IRIDIUM THURAYA WORLDSPACE
Coverage Global Spotbeam Global Spotbeam Global
Technology Digital Digital Digital Digital Digital
Voice Yes Yes Yes Yes No
Fax Yes No No Yes No
e-mail Yes Yes Yes Yes Yes
Data Yes Yes Yes Yes Yes
Telex Yes No No No No
Radio No No No No Yes
Sim Card Yes Yes Yes Yes No
PrePaid Card Yes Yes Yes Yes No
Abonnement No No No No Yes
Billing Duration
and Volume
Based
Duration
Based
Duration
Based
Duration
Based
Volume
Based
Receiver Price $ 2 095 $ 1 188.15 $ 799.99 $ 1 525 $ 100
Internet and e-mail services present the greatest interest to us, because they can be
used to send and receive data. We notice that all the telecommunication systems listed in
the table oﬀer these services. In addition, we must design our antenna and connect it to the
least expensive commercial receiver available. A quick look at Table 1.3 shows that, when
we consider the price only, one receiver stands out all by itself : it is the Worldspace receiver.
Its position corresponds to the original vocation of the company, which is to provide direct
audio and multi-media broadcasting services by satellite, aimed mainly towards emergent
areas in the Middle East, Africa, the Mediterranean basin, Asia, the Caribbean and Latin
America, where the choice in the matter of media is often quite limited due to ﬁnancial
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reasons.
The numerical diﬀusion technology [10] developed for Worldspace is based on the com-
pression technique deﬁned by the international standard ISO MPEG II, layer 3. Satellites
operate in the L band (allocated to the service of numerical sound broadcasting by satellite
at the World Administrative Radiocommunications Conference in 1992 (CAMR 92)). This
technology is diﬀerent from the Eureka 147 standard developed in Europe.
We plan to test the project in Cameroon, country which is sprinkled over by the western
beam of the AfriStar satellite. The characteristics of this satellite, for the reception of which
we are going to design our antenna are :
• Satellite name : AfriStar;
• Beam : West beam;
• Orbital location : 21˚ East;
• Mode of diﬀusion : Numerical;
• Type of compression : MPEG 2.5 Layer 3;
• Polarization : Circular;
• Reception band : L Band;
• Reception Frequency : Between 1 452 and 1 492 MHz;
• West beam frequency [11] : 1 478 MHz;
• Sampling Rate (SR) : 1840 bits/s;
• Forward Error Correction (FEC) : 1/2;
• Type of receiver : Worldspace;
• Subscription Global Bouquet only : 100 e TTC/year;
• Subscription by receiver : 20 e HT;
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Figure 1.8: Worldspace receiving system
• Fees of data transmission per Megabytes (Mo) : 10 e HT;
We notice that, even in terms of subscription and communication fees the Worldspace
prices are lower than those of other communication systems. We estimate that these fees
could be aﬀorded by the budgets of the Cameroonian universities.
1.1.7 Block design of the complete receiver
We will design our communication system for the reception of signals from the Worldspace
satellites. Worldspace is a digital broadcaster for audio and multimedia programs, which
operates directly from satellites. To decode digital signals from the Worldspace satellite, we
need a speciﬁcally designed satellite receiver, which functions in conjunction with a suitable
antenna. The overall block diagram of the receiver system is shown in Figure 1.8. The
study that we carried out, while completing our thesis, is mainly focused on the RF front-
end of the receiver.
The complete receiver set that transfers the signal received from the satellite to a
computer can be considered as the assembly of two parts : a commercial electronic receiver
and a RF front-end formed by an antenna and a low noise ampliﬁer (LNA).
After selecting a satellite, we will look at the properties of each block of the reception
system. Then we will concentrate on the elements essential to design of our antenna.
Since our interests are mostly e-mails and ﬁle transfer, we plan to use the DAMB - A
receiver of TONGSHI [12] , which is a low cost receiver designed to transfer directly to a
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computer the relevant information broadcasted by the Worldspace site. This means that,
to realize an inexpensive reception system, the manufacturing price of our antenna should
fall well below US$ 100.
Here, our work involves the design of the antenna and of the LNA. Cameroon produces
and exports wood and aluminium, and therefore we select these indigenous materials to
realize our antenna. But before we start to design it, we must ﬁnd out which species of
wood is most likely to play the role of dielectric substrate. In order to choose, we must know
the permittivity of the material, and this requires us to carry out a series of measurements
on several species of wood that are currently encountered in Cameroon.
By looking at the characteristics of a Worldspace receiver [13] in Table 1.4, we see
that our antenna can present both a linear or a circular polarization, with at least a gain
of 6 dBi. We will ﬁrst design a linearly polarized antenna which will be used to do all the
comparative measurements. Then we will design a circularly polarized antenna in order to
conﬁrm that the previous results obtained for linearly polarized antenna are also valid for
the antenna with circular polarization. On the other hand, for the LNA we must calculate
the necessary gain starting from the Power Flux Density generated by the satellite.
Let us consider the Worldspace geostationary satellite, positioned on a circular orbit at
a height r = 35 000 km above the equator. From that very high position a whole continent
is "seen" under a very small angle, and it is therefore necessary to install a very directional
antenna on the satellite. The capability of an antenna to concentrate its radiated energy
(Pt), taking into account a feed loss (Lt), in a speciﬁed direction can be quantiﬁed by the
antenna gain (Gt). The transmitted power, called Equivalent Isotropic Radiated Power
(EIRP ), is provided by the equation :
EIRP =
Pt×Gt
Lt
(1.1.1)
Let us now consider a sphere of radius r having its centre at the centre of the radiating
antenna. The surface area of this sphere is :
A = 4πr2 (1.1.2)
The power EIRP is uniformly distributed across the surface of the sphere, having an
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Table 1.4: Technical Speciﬁcation for WorldSpace Receiver
Speciﬁcation Value
RF frequency range 1452 MHz - 1492 MHz
Active antenna noise temperature
Tant
200 K
Gain(antenna) for Circularly Po-
larized RF reception
6 dBi
(G/T)(system) -17 dB/K
Active antenna output level at
PFD (Power Flux Density) of -
120 dBW/m2
-88 dBm
Polarization LHCP (Left Hand Circular Polar-
ization) and RHCP (Right Hand
Circular Polarization) or Linear
Minimum Expected WorldSpace
Operating signal level for BER
(Bit Error Rate) <10-4
-96 dBm
Minimum Expected WorldSpace
RF PFD signal level for BER
<10-4
-120 dBW/m2
LNA noise ﬁgure 1.8 dB
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area A. We can then deﬁne the power ﬂux density, hereafter called PFD, as the ratio
between the power EIRP crossing the surface of the sphere and its area A :
PFD =
EIRP
A
(1.1.3)
According to the International System measurements the power density is measured in
W/m2.
The power received by an antenna, whose equivalent area is Aeqr, located at a distance
r from a transmitting antenna of gain Gt that is fed by a power EIRP is :
Pra = Aeqr × PFD (1.1.4)
The equivalent area Aeqr of a receiving antenna of gain Gr is :
Aeqr =
λ2
4π
Gr (1.1.5)
Since Pr and Gr are given, we can calculate the gain of the Low Noise Ampliﬁer :
Glna =
Pr
Gr × Pra (1.1.6)
After calculation we obtain :
Glna = 14.84 dB (1.1.7)
Summarizing, these are the parameters that must be satisﬁed by our design :
1. The antenna must have a gain of 6 dBi;
2. The Low Noise Ampliﬁer must have a gain of 14.84 dB and a noise ﬁgure of 1.8 dB.
1.2 State of the art for microstrip antennas
Among all the antennas used for satellite communication, which cover the required fre-
quency bands and provide the desired radiation pattern, a printed antenna with a single
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Figure 1.9: Microstrip patch antenna
patch appears to be the one that can be realized most easily. Since the 1970s, the inter-
national antenna community devoted very large eﬀorts to study of microstrip and printed
antennas [15] - [16], both theoretically and experimentally. These antennas oﬀer signiﬁcant
advantages : low proﬁle, compatibility with integrated circuit technology and conforma-
bility to shaped or curved surfaces. The driving force for extended studies has been the
thirst for low-cost, small-weight, low-proﬁle antennas to fulﬁll the requirements of modern
systems. To achieve low costs, however, one must be able to precisely control the manu-
facturing process and this, in turn usually demands that the innovative structure selected
as prototype can be adequately modelled and characterized mathematically. The results of
this research contributed greatly to the success of microstrip antennas, not only for mili-
tary applications but also in commercial areas such as mobile satellite communications, the
direct broadcast satellite (DBS) system, the global positioning system (GPS) and remote
sensing.
Printed antennas can be built with a low-cost technology and they should thus be
potentially well suited for low-cost consumer applications. Until now, however, designs
tended to remain rather expensive, mainly due to high material costs : this drawback limits
the use of these antennas. In addition, when compared to traditional antenna structures
such as reﬂectors, horns, slots, or wire antennas, the electrical performance of a basic
microstrip antenna or array suﬀers from other drawbacks, such as narrow bandwidth, large
losses in the feed network, large cross polarization and a low power handling capability.
These facts must be accounted for in any proper design.
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Figure 1.10: Measured radiation patterns of a rectangular microstrip patch
A microstrip antenna (Figure 1.9) is made of a conducting ground plane, a dielectric
substrate and, on top of the substrate, a printed patch, which is the radiating element.
The latter can take a variety of shapes : square, rectangle, circle, ring, triangle, ellipse.
Excitations for microstrip antennas range from the very simple coaxial probe traversing
the ground plane to the strip-slot technique [17]. Since we plan to use aluminium for the
radiating patch, we may well have to face the notorious technological problem : connecting
aluminium to copper is always diﬃcult and problematic, either by soldering or by welding.
Therefore we will use here the SSFIP conﬁguration which is a good compromise between
simplicity and performances. With a radiating patch of λ/2 size, this kind of microstrip
antenna has a gain within the 5-6 dB range, a bandwidth of about 5-10 % and it exhibits
a 3 dB beamwidth located somewhere between 70˚ and 90˚ . The input impedance can
attain the convenient value of 50 Ω when the position of the feed is properly chosen. Many
substrate materials are presently available on the market, providing dielectric constants
ranging from 1.17 to about 25, with loss tangents between 0.0001 and 0.004. As an example,
the E-plane and H-plane radiation patterns shown in Figure 1.10 were measured for a
14 x 9.6 mm rectangular patch antenna, coaxially excited at 3.6 mm from the center of
the patch, on a 0.8 mm thick epoxy substrate (with εr = 4.3), at its resonant frequency of
4.97 GHz.
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Figure 1.11: SSFIP antenna
We plan to use wood and aluminium to manufacture our antenna and determined that
the least expensive way to assemble them is by gluing. Since the patch of our antenna
will be made out of aluminium, it would be diﬃcult to solder a copper wire feed to an
aluminium patch : this can be avoided by feeding the patch through a slot in the ground
plane. All these constraints and speciﬁcations correspond exactly to the SSFIP antenna
geometry. Therefore, we are going to manufacture a SSFIP (Figure 1.11) antenna, using
wood for the dielectric substrates and aluminium for the patch and the metal connections.
Initially we will replace the foam by wood (Balsa). Then we will replace the top layer,
which plays the role of protecting cover, by linseed oil. Then we will replace the copper
patch by an aluminium patch. Finally we will replace the copper ground plane, in which
the slot is cut out, by an aluminium ground plane with a slot having the same size, the
dielectric FR4 substrate by wood (Ayous) and the copper feed line by an aluminium feed
line. At the end we will have an antenna only made with wood and aluminium. The system
will be assembled by simply gluing the layers with a classical glue of Araldite type.
The SSFIP antenna geometry was found to be particularly tolerant to small changes or
errors, both for the geometrical setting as for the material properties. Among its interesting
properties, we also notice a frequency band signiﬁcantly larger than that of other microstrip
patch antennas, as well as a slightly larger gain. Our goal will be to build a SSFIP antenna
with a maximum of inexpensive materials locally available in Cameroon.
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Figure 1.12: RF receiver system
1.3 State of the art for the LNA
The LNA (Low Noise Ampliﬁer) is a particular kind of microwave ampliﬁer used in com-
munication systems to amplify very weak signals captured by an antenna. Together with
the antenna, the LNA is the key piece in the RF front-end of a global receiver deﬁned as
the subsystem which processes the signal at the original frequency of the electromagnetic
wave (Figure 1.12). The LNA is most often located very close to the antenna because this
way, the losses in the transmission line feed become less critical. We obtain then an "active
antenna" arrangement, which is frequently used in microwave systems like GPS, because
long coaxial cable feedlines are very lossy at microwave frequencies.
Placing a LNA next to the antenna reduces the noise of all the subsequent stages by the
gain of the LNA, while the noise of the LNA is injected directly into the received signal [51].
Thus, a LNA has to boost the desired signal, while adding as little noise and distortion as
possible, to ensure that the signal can be retrieved in the later stages in the system.
Typical receiver front-ends include at least two LNAs separated by a ﬁlter (Figure 1.12) :
the purpose of the ﬁrst LNA is to strengthen and of the second one is to add power to the
signal.
A band-pass ﬁlter lets signals with frequencies within a certain range travel across it with
little attenuation, but it rejects (or strongly attenuates) signals at frequencies outside of that
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range. An ideal ﬁlter would have a completely ﬂat passband (e.g. with no gain/attenuation
throughout) and would completely cut down signals at all frequencies outside the passband.
Additionally, the transition out of the passband should be instantaneous in frequency.
In practice however, bandpass ﬁlters are never ideal. A real ﬁlter does not completely
attenuate signals at all frequencies outside the desired frequency range; in particular, over
a region just outside the intended passband, signals are attenuated, but not totally rejected.
This is known as the ﬁlter roll-oﬀ, and it is usually expressed in dB of attenuation per octave
or decade of frequency.
1.4 Conclusion
The objective of this work is to contribute to the development of inexpensive microstations
for the reception of satellite signals in emerging countries like Cameroon and its African
neighbors. Therefore we have started this chapter with a survey of currently available
satellite systems and their associated commercial receivers. The conclusion of this survey
have been two-fold. Firstly a satellite system, Worldspace/Afristar emerges as a clear
candidate. Secondly an understanding of the receiver organization has led to the decision on
which parts should be concerned by this study. On the one hand, it would be naive to seek
to replace the basic electronics and integrated chips by a local fabrication. Electronic chips
are nowadays easily available standard components where global competition plays actively
to keep them at aﬀordable prices. On the other hand, the more specialized parts related
to the microwave front-end (antenna and low noise ampliﬁer) are usually more expensive
items sold by companies fully using (and sometimes abusing) a monopolistic situation.
But precisely with the adequate knowledge and a minimum skill low cost versions of these
components can be easily built with local materials and by local workshops. Therefore, we
will concentrate in these two components.
After computing the speciﬁcations and electric parameters requested for a proper func-
tioning of these components, we have shown through a concise state-of-the-art survey that
there is certainly a possibility for designing and fabricating these low cost alternatives for
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both antenna and LNA. Indeed the microwave RF front-end can be reduced to the bare
combination of these two items while retaining the essential electrical performances.
All these intuitions will be conﬁrmed in the following chapters of this thesis, where in
step by step a fully optional RF front-end will be built based only upon local materials and
technologies.
32
Chapter 2
WOOD CHARACTERIZATION
2.1 Introduction
As stated in the previous chapter, one of the main goals of this thesis is to ﬁnd out whether
high-tech microwave substrates can be replaced by something as widely available as wood.
The suitability of wood as a microwave printed antenna substrate will be determined by
the values taken by the complex parameters "permittivity" ε and "permeability" μ [18]. In
particular, the imaginary parts of these complex quantities are related to losses (tan δ) and
must be kept as small as possible to achieve a good design. Following the usual convention
[18] we deﬁne these quantities with respect to their free space values ε0 and μ0 and we can
then write ε = ε0εr and μ = μ0μr where εr = ε′r − jε′′r and μr = μ′r − jμ′′r . It is important
to note that the choice of sign for time-dependence dictates the sign convention for the
imaginary part of permittivity. The signs used here for imaginary parts correspond to those
conventionally used in engineering. The dielectric loss tangent is deﬁned as tan δ = ε′′r/ε′r
and is the determining factor that will guide us for the choice of the species of wood to use
as substrate.
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Figure 2.1: Dimensions used for TE01n cavity with dielectric specimen
2.2 Techniques available to measure the permittivity
(εr) and the permeability (μr)
We want to determine the complex values of εr and μr. Even though we expect wood to be
non magnetic and hence to show a relative permeability equal to unity (μ′r = 1, μr” = 0),
we plan to use methods that also provide an estimation of μr. In this way, we can check
the accuracy of the measurements. We also expect "low" values for ε′r (1 < ε′r < 3), which
will help to increase the bandwidth of printed antennas. Otherwise, when the permittivity
becomes too large, spurious surface waves can propagate on the substrate. We would like
to obtain a loss tangent (tan δ) as small as possible. The best technological results are
obtained with a dielectric having tan δ  10−4 but a good standard dielectric exhibits
tan δ  10−3. In our case, making use of wood as dielectric, our goal is to obtain at least
tan δ  10−2. Before carrying out actual measurements, however, we will ﬁrst review the
methods commonly used to measure permittivity [19].
2.2.1 Microwave cavity
The basic techniques used to measure dielectric samples in microwave cavities are well
documented in the literature [20]-[22]. They essentially involve the measurement of the
resonant frequency and of the quality factor (Q-factor) of an empty cavity and then, again,
the measurement of these parameters with the cavity ﬁlled, or partially ﬁlled by the di-
electric sample under test (Figure 2.1). The quality factors are deﬁned as QU = (energy
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stored in cavity) / (energy dissipated in cavity per radian) for an unloaded Q and as QL =
(energy stored in cavity) / (energy dissipated in both cavity and external circuit per radian)
for a loaded Q. Both rectangular and circular cavities have been used. The TE01n mode is
chosen because it exhibits an interesting property, whereby the attenuation decreases with
increasing frequency. Thus very high Q-factors can be achieved at high frequencies : this
is an important consideration when measuring low loss dielectrics. A small piece of a bar
shaped sample is placed in the position of maximum electric ﬁeld. The dielectric constant
and the loss tangent of the specimen can then be calculated from the changes of resonant
frequency and quality factor of the metallic cavity ﬁlled at the selected resonant mode. Let
the constants β1 refer to the dielectric-ﬁlled portion of the cavity extending from z = 0
to z = b, and β0 refer to air-ﬁlled portion of the cavity extending from z = b to z = lr.
First we must calculate the value of the constant k, which appears in the expression of the
relative permittivity ε′r. The solution is given by a Bessel function of the ﬁrst kind of order
one. The condition requires that :
J1(ka) = 0 (2.2.1)
where 2a is the height of the cavity. The ﬁrst root of J1(ka) = 0 which deﬁnes the TE01n
mode is :
ka = 3.832 (2.2.2)
From the equation (2.2.2) we can easily calculate the value of k. After measuring the
resonant frequency and the quality factor of an empty cavity (Q0) and the cavity partially
ﬁlled by the dielectric (Qd) we can calculate β1 using the equation :
tan β1b
β1
= −tan β0(lr − b)
β0
(2.2.3)
where :
β0 = ω
2μ0ε0 − k2 (2.2.4)
ω = the angular frequency
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Using the equations (2.2.4) and the following :
β1 = ω
2μ′rμ0ε
′
rε0 − k2 (2.2.5)
and knowing that for most dielectric materials μ′r = 1, the relative permittivity ε′r of the
specimen is given by :
ε′r =
β21 + k
2
β20 + k
2
(2.2.6)
Knowing the relative permittivity and the Q-factors the loss tangent is given by :
tan δ =
p(2b− s) + (1/ε′r)[2(lr − b)− q]
p(2b− s)
(
1
Qd
− 1
Q0
)
(2.2.7)
where :
p =
sin2 β0(lr − b)
sin2 β1b
q =
sin 2β0(lr − b)
β0
s =
sin 2β1b
β1
where Q0 and Qd are the values of the quality factor of the air and dielectric ﬁlled cavities
respectively.
The microwave cavity method has been proved to be the most successful and accurate
technique to measure the complex permittivity of low-loss materials. But the accuracy
depends critically on the ﬁt of the sample within the cavity.
2.2.2 Microwave ring resonator
Microwave microstrip ring resonators (MMRRs) (Figure 2.2) have been widely reported
as moisture sensors for paper, soil [23], and biomaterial like grains and leaves. MMRRs can
also be used to detect the rancidity of oils. MMRRs present many advantages over other
kinds of resonators, for instance, there is no end eﬀect as in the case of a straight-line res-
onator. Since it is a transmission system, the power transmitted at resonance is maximum
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Figure 2.2: Ring resonator
(contrary to the rejection ﬁlter) and samples can be loaded and unloaded much more easily
than in cavity resonators - because the ring uses an open structure. The presence of an
abrupt air-dielectric interface in MMRRs excites fringing ﬁeld components in the air above
the structure. The longitudinal components of both electric and magnetic ﬁelds correspond
to the quasi-TEM mode of the microstrip line. If the material under study is overlaid on
top of the MMRR [24], it modiﬁes the eﬀective dielectric constant of the system and, hence,
its resonance frequency. The shifts in the eﬀective dielectric constant and in the resonance
frequency are linked to the change in the fringing ﬁeld, and hence depend on the dielectric
constant and thickness of the overlay and on the type of overlay. The determination of
the dielectric constant of overlaid materials using the MMRRs requires complicated math-
ematical calculations. The frequency-dependent eﬀective dielectric constant of the system
with overlay is calculated using the following expression [24] :
εeff,over(f) = εeff,r
f2r
f20
(2.2.8)
where εeff,r and fr are the respective eﬀective dielectric constant of the system and the
resonant frequency without overlay and εeff,over(f) and f0 are the corresponding quantities
with overlay.
2.2.3 Microwave open resonator
Various theories and formulations were developed during the past decade to achieve beam
conformation inside a Fabry-Perot open cavity. Scalar theory was previously used to de-
velop the Gaussian beam theory for an open resonator. For permittivity measurements,
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Figure 2.3: Fabry-Perot open resonator
the more recently developed vector theory provides a much higher accuracy [19], [25]-[26].
A suitable open-resonator conﬁguration for dielectric measurements is shown in Figure 2.3.
The spherical mirror resonator has been thoroughly studied and is convenient for ﬂat sheet
specimens. Knowing the values of D, t and R we can measure the resonant frequency f0
and the quality factor of the open resonator without the dielectric (Q0) and the resonant
frequency fL and the quality factor of the open resonator with the dielectric in place (QL).
For symmetrical modes, having an antinode of the electric ﬁeld on the central plane, we
can calculate the refractive index n of the dielectric material with respect to the air by
using the equation for resonance :
n tan(nkt− φt) = cot(kd− φd) (2.2.9)
where :
φt = arctan
(
2t
nkω20
)
(2.2.10)
φd = arctan
[
2
kω20
(
d +
t
n2
)]
− arctan
(
2t
n2kω20
)
. (2.2.11)
k =
2π
λ
(2.2.12)
and
ω0 = 2πfL (2.2.13)
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Figure 2.4: Microwave waveguide set
Knowing the refractive index of the dielectric material we can easily calculate the relative
permittivity εr using the equation :
n =
√
ε′r (2.2.14)
The determination of the loss tangent from the measured Q-factor follows the lines familiar
in closed resonator methods. The theory is now quite accurate, and the overall accuracy
is at present entirely limited by the accuracy with which the Q-factors can be measured.
The relevant formula is :
tan δ =
1
Q
Δt + d
Δt + (1/2k) sin[2(kd− φd)] (2.2.15)
where
Δ =
n2
n2 sin2(nkt− φt) + cos2(nkt− φt)
(2.2.16)
and
1
Q
=
1
QL
− 1
Q0
· (2.2.17)
Here QL is the loaded Q-factor when the dielectric is present, and Q0 is the unloaded
Q-factor.
2.2.4 Microwave waveguide
The complex permittivity of a number of dielectric materials has also frequently been
measured with the waveguide technique [27]-[28]. This technique which is mostly used
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for quite lossy materials is based on the measurement of the reﬂection and transmission
coeﬃcients, from which the dielectric or magnetic properties of materials can be extracted.
The waveguide method is widely used to measure the permittivity and the permeability of
material over a wide range of frequencies, even though this method is less accurate than
the cavity technique. It requires a small sample size (for example 22.86 mm x 10.16 mm x
6.95 mm) at microwave frequencies, and the preparation of these samples may be diﬃcult.
The sample must be prepared with a regular geometry, with accurately known dimensions.
Furthermore, the small sample must be introduced into a waveguide that plays the role of
sample holder. The sample sizes allow to cut out a sample in any given direction in the
wood. Since we want to measure the anisotropy of the species of wood under test, having
samples in all three major directions in the wood will suit our application.
2.2.5 Final choice of techniques
Two methods that can be used to measure wood permittivity are available in the laboratory:
the waveguide and the open resonator techniques. But these two methods use samples of
quite diﬀerent sizes. The open resonator requires samples of 144 mm x 144 mm, and this
wouldn’t allow us to machine samples along any direction with the wood that we ﬁnd in
the local Cameroonian market. On the other hand, the waveguide method needs samples
of small dimensions, which can be cut along any direction in the commercial Cameroonian
wood. Since we are trying to measure the wood anisotropy we need to have wood samples
cut along the three axes of coordinates. For this reason, we will consider as reference
values the ones obtained with the waveguide measurements, and we will use open resonator
measurements to conﬁrm the values measured in the waveguide method. The waveguide
method requires to review some microwave circuits theory, which will be done in the next
section.
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Figure 2.5: Quadripole’s diagram
2.3 Theoretical bases for the microwave waveguide
technique
We survey now the basic microwave concepts needed to establish the equations to be used
in the microwave waveguide technique. For a rigorous theoretical framework, the reader
can consult any standard microwave textbook [29].
2.3.1 S parameters
Let us consider the quadripole of Figure 2.5. A usual method to determine its func-
tionality and transfer properties is to know its voltage-current transformation matrix
(impedance matrix) or its current-voltage matrix (admittance matrix) summarized
by the following equations :(
V1
V2
)
=
(
Z11 Z12
Z21 Z22
)(
I1
I2
)
(2.3.1)
or (
I1
I2
)
=
(
Y11 Y12
Y21 Y22
)(
V1
V2
)
(2.3.2)
The knowledge of one of these two matrices deﬁnes completely the linear quadripole.
To determine the Zij and the Yij parameters, we must respectively impose conditions
of current and of voltage cancellation, i.e. realize either open circuits or short circuits.
However above 100 MHz the open circuit or the short-circuit conditions are diﬃcult, or
even sometimes impossible to realize, due to the presence of parasitic capacitances and
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Figure 2.6: S Parameters
inductances. Moreover, connecting a short-circuit or an open circuit to a quadripole may
create resonances and, in the case of active quadripoles, it may provoke oscillations : at
high frequencies, the matrices [Z] and [Y ] are therefore inadequate. For this reason another
kind of matrix has been deﬁned : the scattering matrix [S], which is an incident-reﬂected
wave transformation matrix :(
b1
b2
)
=
(
S11 S12
S21 S22
)(
a1
a2
)
(2.3.3)
where a1 and a2 are incident waves and b1 and b2 are reﬂected waves on Ports 1 and 2.
These incident and reﬂected waves are related to voltages and currents by the following
equations :
a1 =
V1 + I1Zc
2
√
Zc
(2.3.4)
a2 =
V2 + I2Zc
2
√
Zc
(2.3.5)
b1 =
V1 − I1Zc
2
√
Zc
(2.3.6)
b2 =
V2 − I2Zc
2
√
Zc
(2.3.7)
This representation leads to the new description of the quadripole in Figure 2.6.
Consequently if :
• a2 = 0, this means that the Port 2 (output) of the quadripole is terminated into a
matched load, and then we have :
S11 =
b1
a1
= Input reﬂection coeﬃcient.
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Figure 2.7: Waveguide with the device under test diagram
S21 =
b2
a1
= Input to output transmission coeﬃcient.
• a1 = 0, this means that the Port 1 (input) of the quadripole is terminated into a matched
load, and then we have :
S22 =
b2
a2
= Output reﬂection coeﬃcient.
S12 =
b1
a2
= Output to input transmission coeﬃcient.
2.3.2 Calculation of the permittivity and of the permeability
The equations which follow are established by considering the diagram of Figure 2.7.
The output of the quadripole is terminated into a perfectly matched load : in this case
a2 = 0. Now we can apply standard transmission line theory [29] to the waveguide sections
of Figure 2.7.
According to what precedes, we obtain the following equations :
1. l ≤ 0
V1 = V
+
1 e
−jγ0l + V −1 e
jγ0l (2.3.8)
I1 =
1
Z0
(
V +1 e
−jγ0l − V −1 ejγ0l
)
(2.3.9)
2. 0 ≤ l ≤ d
V2 = V
+
2 e
−jγsl + V −2 e
jγsl (2.3.10)
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I2 =
1
Zs
(
V +2 e
−jγsl − V −2 ejγsl
)
(2.3.11)
3. l ≥ d
V3 = V
+
3 e
−jγ0(l−d) (2.3.12)
I1 =
1
Z0
(
V +3 e
−jγ0(l−d)) (2.3.13)
The boundary conditions related to the conﬁguration of Figure 2.7 are :
1. l = 0
V1 = V2 (2.3.14)
I1 = I2 (2.3.15)
2. l = d
V2 = V3 (2.3.16)
I2 = I3 (2.3.17)
Writing the equations (2.3.8) - (2.3.13) at the two interfaces between the three media we
obtain :
1. l = 0
V1 = V
+
1 + V
−
1 (2.3.18)
I1 =
1
Z0
(
V +1 − V −1
)
(2.3.19)
V2 = V
+
2 + V
−
2 (2.3.20)
I2 =
1
Zs
(
V +2 − V −2
)
(2.3.21)
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2. l = d
V2 = V
+
2 e
−jγsd + V −2 e
jγsd (2.3.22)
I2 =
1
Zs
(
V +2 e
−jγsd − V −2 ejγsd
)
(2.3.23)
V3 = V
+
3 (2.3.24)
I1 =
V +3
Z0
(2.3.25)
However, taking into account the boundary conditions, we have :
V +2 + V
−
2 = V
+
1 + V
−
1 (2.3.26)
V +2 − V −2 =
Zs
Z0
(
V +1 − V −1
)
(2.3.27)
V +3 = V
+
2 e
−jγsd + V −2 e
jγsd (2.3.28)
Zs
Z0
V +3 = V
+
2 e
−jγsd − V −2 ejγsd (2.3.29)
By summing and subtracting (2.3.26) and (2.3.27), we obtain :
V +2 =
V +1
2
[
1 +
V −1
V +1
+
Zs
Z0
(
1− V
−
1
V +1
)]
(2.3.30)
V −2 =
V +1
2
[
1 +
V −1
V +1
− Zs
Z0
(
1− V
−
1
V +1
)]
(2.3.31)
By replacing the expressions of V +2 and V
−
2 in the equations (2.3.28) and (2.3.29) we get :
S21(ω) =
1
2
[
S11(ω)
(
T (1−K) + 1
T
(1 + K)
)
+ T (1 + K) +
1
T
(1−K)
]
(2.3.32)
K · S21(ω) = 1
2
[
S11(ω)
(
T (1−K)− 1
T
(1 + K)
)
+ T (1 + K)− 1
T
(1−K)
]
(2.3.33)
with :
S11(ω) =
V −1
V +1
S21(ω) =
V +3
V +1
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T = e−jγsd
K =
Zs
Z0
From (2.3.32) and (2.3.33) we can determine the expression of S11(ω) :
S11(ω) =
(T 2 − 1)(1−K2)
(1 + K)2 − T 2(1−K)2 (2.3.34)
Knowing that :
Γ =
Zs − Z0
Zs + Z0
=
K − 1
K + 1
(2.3.35)
we easily deduce the ﬁnal expression of S11(ω) :
S11(ω) =
(1− T 2)Γ
1− T 2Γ2 (2.3.36)
By replacing S11(ω) by its expression (2.3.32) we ﬁnd :
S21(ω) =
(1− Γ2)T
1− T 2Γ2 (2.3.37)
Once the values of S11(ω) and S21(ω) will have been measured, the expressions (2.3.36)
and (2.3.37) allow us to calculate Γ and T :
Γ = k ±
√
k2 − 1 (2.3.38)
T =
S11(ω) + S21(ω)− Γ
1− [S11(ω) + S21(ω)]Γ (2.3.39)
with :
k =
S211(ω)− S221(ω) + 1
2S11(ω)
(2.3.40)
Knowing that :
Γ =
√
μr
εr
− 1√
μr
εr
+ 1
(2.3.41)
T = e−jω
√
με d = e−j
ω
C
√
μrεr d (2.3.42)
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we can easily calculate μr and εr :
μr =
√
x · y (2.3.43)
εr =
√
y
x
(2.3.44)
with :
x =
μr
εr
=
(
1 + Γ
1− Γ
)2
(2.3.45)
y = μrεr = −
[
C
ωd
ln
(
1
T
)]2
(2.3.46)
In short, we measured the values of S11 and S21. From these two measured values we
calculated Γ and T . Knowing the values of C, ω, d and the expressions of Γ and T we
calculated x and y. These two values allowed us to calculate the values of εr and μr.
2.3.3 Fundamental relations for anisotropic media
Since wood is an anisotropic medium, according to standard EM theory, the permittivity
must become a 3x3 (tensor or dyadic) matrix :
ε =
⎡
⎢⎢⎣
εxx εxy εxz
εyx εyy εyz
εzx εzy εzz
⎤
⎥⎥⎦ (2.3.47)
For real anisotropic dielectrics, it can be shown that the matrix ε is symmetric [30], so
that εij = εji. A particularly interesting transformation of the coordinate system is then
possible, because every symmetrical tensor of rank two can be transformed, by rotation of
the coordinate system to a diagonal form. Thus for a particular set (O,x,y,z) of coordinates
in a given medium the matrix ε takes the form :
ε =
⎡
⎢⎢⎣
εxx 0 0
0 εyy 0
0 0 εzz
⎤
⎥⎥⎦ (2.3.48)
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Figure 2.8: Directions along which samples are cut
Waveguide
Figure 2.9: Sample location in waveguide
The axes of the this particular coordinate system (O,x,y,z) are said to be the principal
axes of the medium. They correspond to "natural" directions of the medium (for instance
to ﬁber direction in wood). Therefore, our wood samples should be prepared according to
these principal axes.
2.4 Preparation of the wood samples
The samples were cut in the wood pieces according to the three principal axes (Figure 2.8)
(ox), (oy), (oz) and summarized in Table 2.1.
The samples were then machined to ﬁt to the dimensions of the X-band waveguide
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Table 2.1: Directions along which samples are cut
Sample Width Height thickness
name direction direction direction
SpeciesLxHyEz (ox) (oy) (oz)
SpeciesLxHzEy (ox) (oz) (oy)
SpeciesLyHzEx (oy) (oz) (ox)
SpeciesLyHxEz (oy) (ox) (oz)
SpeciesLzHxEy (oz) (ox) (oy)
SpeciesLzHyEx (oz) (oy) (ox)
inside which they will be placed (Figure 2.9).
Width of the waveguide : 22.86 mm
Height of the waveguide : 10.16 mm
Length of the waveguide : 6.95 mm
2.5 Measurements
The network analyzer shown in Figure 2.10 allows one to determine the input reﬂection
coeﬃcient and the input to output transmission coeﬃcient by measuring the amplitude
and the phase of the incident, reﬂected and transmitted waves [31]. The measurements of
Figure 2.11 were made by using a waveguide with the device under test in it.
Measurements were taken in the frequency band from 8.2 GHz to 12.4 GHz. It is
one of the lowest range of frequencies for which equipment to measure the permittivity
is available in the laboratory. However, the frequency band at which our antenna will
function is between 1 GHz and 2 GHz. But since the performances of this type of dielectric
tend to degrade with frequency [32], we can consider that measurements between 8.2 GHz
and 12.4 GHz provide values in the most unfavorable case.
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Figure 2.10: Simpliﬁed block diagram of the network analyzer
Figure 2.11: Assembly diagram
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2.5.1 Measurement errors
The absolute error (according to the manufacturer) made by measuring using this method
is :
ε′r = 0.02
ε′′r = 0.02
μ′r = 0.03
μ′′r = 0.03
2.5.2 Measurement parameters
Minimum frequency : 8.2 GHz
Maximum frequency : 12.4 GHz
Mode : Waveguide
2.5.3 Conﬁrmation of the measurements with an open resonator
The use of an open resonator [33] provides another way to determine the permittivity,
which can be used to conﬁrm the values found using the measurements in the waveguide.
Measurements can then only be made at the resonant frequencies, which are determined
by the system during the calibration. The quality factor is measured at each resonance
frequency, and then the system determines the permittivity of the material located in the
middle of the Fabry-Perrot resonator.
Dimensions of the sample
Length of sample : 144 mm
Width of sample : 144 mm
Thickness of sample : 10 mm
Length of chamfer : 20 mm
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Dielectric under test
Figure 2.12: Open Resonator
Figure 2.13: Wood sample
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2.6 Selection of the species of wood
As was previously stated, the aim of our project is to manufacture printed antennas us-
ing local materials as dielectric substrates. Our thesis work deals with the reception of
microwave signals. Since Cameroon produces and exports aluminium and wood, these
materials are locally available, so that we will use wood for the dielectric substrates and
aluminium for the patches to manufacture our antennas. We would like to use wood from
the Central Africa forest as dielectric, but there is apparently no information available on
their dielectric characteristics at microwave frequencies. That is why, as pioneers, we must
ﬁrst determine the dielectric characteristics of these wood species at microwaves, which are
necessary to design our antenna. We shall carry out a series of measurements on diﬀerent
selected species of wood.
Several researches [34] and measurements were made on wood material [35]. The dielec-
tric properties of wood were measured at microwave frequencies [36] - [38] , but for wood
species that do not grow in the African forest. For instance, we can ﬁnd the permittivity
of Balsa [39] wood, for a variety that one encounters in Latin America. But we could not
ﬁnd information on the species which one encounters in the African equatorial forest. The
characterization of such species is an innovation brought by our thesis work.
The wood samples that we are going to use for these measurements are of dried wood,
which one can readily buy in the Cameroonian market place. Since wood is anisotropic,
we expect to see that losses increase with the density of the wood. For this reason we will
select species of wood, beginning with the wood which has the lowest density among all
the wood species indexed in the Cameroon forest.
Our measurements will determine the relative permittivity (εr) and the relative per-
meability (μr) of wood material. The method of measurement used here allows us to
determine the complex permittivity of any dielectric, even when dielectric losses are not
negligible (tan(δ)). The method remains valid when dielectric losses are negligible, but
then reliable values are obtained only for ε′r while values for ε′′r are "dubious".
The measurements taken using a Hewlett Packard network analyzer HP8510 and a
"PERMES" program developed in LEMA, allow us to simultaneously determine εr, μr and
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tan(δ).
A special attention must be paid to wood impregnation. Many woods are not suitable
for long lasting outdoor operation, and their performances will quickly be downgraded by
the attack of moisture and other chemical and biological agents present in tropical areas.
Therefore, a surface treatment of the wood, covering or impregnating it with a protective
substance (varnish, wax, oil, ...) is of permanent relevance. To be consistent with the
overall strategy of this thesis, we have considered linseed oil, which represents a whole class
of low-cost protective oils easily available in Cameroon.
The other characteristics of wood quoted in this chapter come from ATIBT [40].
2.7 AYOUS WOOD
In this section we will carry out a series of permittivity measurements with the two previ-
ously described methods : the waveguide and the Open Resonator measurements. These
measurements are required to select the species of wood which will be a good candidate as
a dielectric for the antenna we are going to design. The main aim of these measurements
is to determine which wood species have a dielectric loss tangent smaller or equal to 2 10−2
the dielectric loss tangent of FR4 material. Since FR4 is probably the "worst", but still
acceptable dielectric used in microwave applications.
We will carry out the same measurements for all the other species of wood in the
following sections.
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Figure 2.14: Ayous wood
2.7.1 Characteristics
Denomination
Scientiﬁc name : Triplochiton scleroxylon K. Schum
Family : Sterculiaceae
Origins : Cameroon, Ivory Coast, Ghana,
Equatorial Guinea, Liberia, Nigeria,
Republic of Central Africa
Cameroonian local denomination : Ayous
Other local denominations : Samba, Obeché, Wawa, Ofa, Aréré
Description of sapwood and perfect wood
Description of sapwood : Not very distinct
Color of perfect wood : Yellowish white
Line of perfect wood : Straight
Against-grain of perfect wood : Slight occasional against-grain
Grain of perfect wood : Mean to coarse
Duramen characteristic : Tendency to blueing
Density in a green state : 570 kg/m3
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Physical and mechanical characteristics
Density at 12% : 330 kg/m3 ≤ density ≤ 550 kg/m3
Total volume withdrawal : 0.34%
(per moisture percentage in less)
Total tangential withdrawal : 5.4%
Total radial withdrawal : 3.1%
Axial compression at 12% : 35 MPa
Static inﬂexion at 12% : 66 MPa
Elasticity modulus at 12% : 6,300 MPa
Mushrooms durability : Non durable
Termites durability : Sensitive
Vrillette/Lyctus durability : Sensitive
Impregnability : Fairly impregnable
Hardness : Very tender
Implementation
Sawing : Easy (use quite sharp tools)
Machining : Easy (use quite sharp tools)
Nailing : Easy
Joining : Good
Completion : Good (Porage stand-in advised)
Plating : Unwinding and cutting
Drying : Easy and fast
Surface treatment : Is dyed and is varnished well
Uses : Matches, rods and moulding, plywood,
packing-box, skirting, interior wood ﬁnishing,
movable, lamellate panels, sculpture
Note : Can cause respiratory disorders
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Waveguide measurements
Table 2.2: Permittivity values for non-impregnated Ayous (waveguide)
Sample
ε′r ε
′′
r μ
′
r μ
′′
r tan δ
ε′r σ
2 ε′′r σ
2 μ′r σ
2 μ′′r σ
2 tan δ σ2
AyousLxHyEz 2.101 9.015 10−4 −0.1903 7.069 10−4 1.059 2.537 10−4 4.715 10−3 7.065 10−5 8.597 10−2 2.853 10−5
AyousLxHzEy 2.080 1.731 10−3 −0.1849 8.078 10−4 1.014 5.555 10−5 −6.577 10−3 5.101 10−5 9.540 10−2 4.361 10−5
AyousLyHxEz 1.743 1.406 10−4 −0.1094 1.270 10−6 1.022 3.022 10−6 7.705 10−3 1.119 10−6 5.523 10−2 2.513 10−7
AyousLyHzEx 1.791 1.330 10−4 −0.0893 3.361 10−5 1.019 5.084 10−6 −5.929 10−3 2.768 10−6 5.567 10−2 3.478 10−6
AyousLzHxEy 1.852 3.794 10−4 −0.1284 1.051 10−4 1.061 2.180 10−4 5.337 10−3 2.212 10−5 6.423 10−2 1.018 10−6
AyousLzHyEx 1.699 3.262 10−5 −0.1298 1.334 10−4 1.056 3.605 10−5 2.181 10−2 3.475 10−5 5.561 10−2 1.245 10−6
With :
• ε′r, ε′′r , μ′r, μ′′r , tan δ representing the average values :
X =
1
N
N∑
i=1
xi
• σ2 representing the variance :
σ2 =
1
N − 1
N∑
i=1
(xi −X)2
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Figure 2.15: Relative Permittivity of Ayous wood : real part (waveguide)
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Figure 2.16: Relative Permittivity of Ayous wood : imaginary part (waveguide)
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Figure 2.17: Relative permeability of Ayous wood : real part (waveguide)
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Figure 2.18: Relative permeability of Ayous wood : imaginary part (waveguide)
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Open resonator measurements
Table 2.3: Permittivity values for non-impregnated Ayous (open resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
Ayous1LR 1.5442 9.2693 10−4 9.9702 10−2 3.7117 10−5 6.4527 10−2 7.6072 10−6
Ayous1LR90 1.8334 2.2696 10−3 2.0767 10−1 7.5469 10−4 1.1316 10−1 1.7623 10−4
Ayous2LR 1.7822 5.1767 10−4 1.3991 10−1 1.0343 10−4 7.8474 10−2 2.6473 10−5
Ayous2LR90 2.1038 5.7721 10−3 2.1029 10−1 1.5915 10−2 1.0024 10−1 3.5103 10−3
N.B. : In the notation “Ayous1LR90” the suﬃxes “LR” correspond to the “Long”
spacing with “Rods” choice during calibration and “90” corresponds to a measurement
made with a 90O rotation of the sample.
The results obtained are summarized in Table 2.3. By making a rotation of 90O the
direction of the ﬁbers is identical to that of the ﬁeld inside the resonator, that’s why there
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Figure 2.20: Relative permittivity of Ayous1LR (open resonator)
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Figure 2.21: Dielectric losses of Ayous1LR (open resonator)
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Figure 2.22: Relative permittivity of Ayous2LR (open resonator)
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Figure 2.23: Dielectric losses of Ayous2LR (open resonator)
62
2.7. AYOUS WOOD
is an increase in the values. In addition, for the Ayous2LR90 sample we notice that the
ﬁrst value measured is dubious, explaining why the curve begins below the curve of the
Ayous2LR sample. But we remark that the values are similar to those found by the ﬁrst
method of measurement : this enables us to conﬁrm the values of permittivity obtained in
the previous measurements.
Measurement results for Ayous impregnated with linseed oil
The antenna is an element that is placed outdoors. Outside the air is not completely dry,
in particular in Africa during the rain season! Since wood is porous and must face the
humidity of the air, we need to protect it against moisture. We choose a biological oil in
other not to change the dielectric characteristics of the wood and we impregnate it with
this oil which will play the protector role.
Characteristics of linseed
Botanical Name : Linum usitatissimum, Lini semen, Olea lini semen
Family : Linacee
Common name : Lin, linseed, linseed oil
Used part : Seeds and oil drawn from the seeds
Origin : Probably coming from the Mediterranean basin, this
: annual plant is today cultivated everywhere
: under the moderate and tropical climates
Usage : Nutrition, Textile industry, Medicinal plant,
: Wood’s completion and maintains (boiled linseed oil)
We impregnated Ayous in linseed oil in order to be able to measure the permittivity.
We noticed that Ayous is not a very porous wood because the linseed oil inﬁltrated very
slightly. By inspecting the Table 2.4 we notice that the values did not change signiﬁcantly
with respect to Table 2.3.
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Figure 2.24: Relative permittivity of Ayous1LinLR (open resonator)
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Figure 2.25: Dielectric losses of Ayous1LinLR (open resonator)
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Table 2.4: Permittivity values of impregnated Ayous (open resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
Ayous1LinLR 1.5450 1.1708 10−3 9.6911 10−2 2.7811 10−5 6.2709 10−2 6.8403 10−6
Ayous1LinLR90 1.8729 2.7948 10−3 2.0447 10−1 6.2613 10−4 1.0902 10−1 1.2211 10−4
2.7.2 Modelling of Ayous
The samples were machined along three directions : (ox), (oy) and (oz). The width of each
sample has one of the three directions. For each direction of the width of the sample (for
example (ox)), the height is machined according to one of the two other directions ((oy) or
(oz)).
In the Table 2.2, we notice a very small value of the variance for all the measured
values : we can in this fact consider for each characteristic its average value.
Relative permeability
According to the results of measurement, the value of the relative magnetic permeability
(the imaginary part being negligible) is the same in all the directions and is equal to the
unity : the medium is thus non magnetic.
Relative permittivity
The relative permittivity values are complex, they diﬀer along the three axes, but remain
constant for each direction : we have here a linear anisotropic dielectric medium. The
dielectric tensor is :
εr =
⎛
⎜⎜⎝
εrx 0 0
0 εry 0
0 0 εrz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
2.091− j0.1876 0 0
0 1.767− j0.0994 0
0 0 1.776− j0.1291
⎞
⎟⎟⎠
According to what precedes, we notice that εry ≈ εrz : this anisotropic linear dielectric
medium has a uniaxial character.
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Figure 2.26: Balsa wood
Dielectric losses
The tensor of the dielectric losses is :
tan δ =
⎛
⎜⎜⎝
tan δx 0 0
0 tan δy 0
0 0 tan δz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
9.069 10−2 0 0
0 5.545 10−2 0
0 0 5.992 10−2
⎞
⎟⎟⎠
We notice that the dielectric losses are quite important, because in all directions they
remain larger than 5 10−2. But if we reduce the thickness and use Ayous as line substrate,
we feel that we can still realize an antenna with a gain suitable for the Worldspace receiver
characteristics.
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2.8 BALSA WOOD
2.8.1 Characteristics
Denomination
Scientiﬁc name : Ochroma pyramidal, Ochroma lagopus (synonymous)
Family : Bombacaceae
Origins : Brazil, Colombia, Ecuador, Guatemala,
Honduras, Nicaragua, Peru, El Salvador,
Trinidad and Tobago, Venezuela
Main denomination : Balsa
Other local denominations : Pau of Balsa, Lanu, Lanilla,
Guano, Gatillo, Palo of Balsa, Topa,
Algodón, Flood Wood, Balso
Description of the bark and wood
Description of the bark
Diameter : From 50 to 80 cm
Thickness of sapwood : -
Buoyancy : Floatable
Conservation in forest : Weak (must be treated)
Description of wood
Reference color : White cream
Sapwood : Non distinct
Grain : Coarse
Line : Straight
Against-grain : Absent
Note : White wood cream to rosy white
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Drying
Speed of drying : Normal to slow
Risk of deformation : High
Risk of cementing : Yes
Risk of cracks : High
Risk of collapse : No
Note : Artiﬁcial drying is preferable to air drying
: to reduce the defects. Drying must be carried out
: slowly and prudently.
Physical and mechanical characteristics
The properties indicated relate to the "ripe" wood. These properties can vary signiﬁcantly
Depending on the source and conditions of the wood growth.
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Physical characteristics
Density * : 0.14
Monnin hardness * : 0.3
Volume withdrawal coeﬃcient : 0.21%
Total tangential withdrawal : 5.2%
Total radial withdrawal : 2.2%
Point of ﬁbres saturation : 34%
Stability in service : Fairly stable
Mechanical characteristics
Breaking stress in : 11 MPa
compression *
Breaking stress in static : 24 MPa
inﬂexion * (4 points inﬂexion)
Longitudinal elasticity modulus * : 5 140 MPa
(4 points inﬂexion)
* : with 12% of moisture; 1 MPa = 1 N/mm2
Required treatment for safeguarding
Against the attacks of seasoned wood insects : This wood requires a treatment
: of adapted safeguarding
In case of temporary humidiﬁcation : This wood requires a treatment
: of adapted safeguarding
In case of permanent humidiﬁcation : The use of this wood is
: not advised
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Implementation
Sawing and machining
Unsharpen Eﬀect : Normal
Teeth for sawing : Ordinary or allied steel
Tools for machining : Ordinary
Aptitude for unwinding : Not recommended or without interest
Aptitude for cutting : Not recommended or without interest
Note : Maintain the tools well sharpened to avoid a ﬂuﬀy
: surface
Assembly
Nailing-screwing : Weak behavior
Joining : Correct
Usage
: Insulation, Floats, Model making
Note : A ﬁlling-in is necessary to obtain good
: completion
2.8.2 Measurement results
Waveguide measurements
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Table 2.5: Non-impregnated Balsa permittivity values (waveguide)
Sample
ε′r ε
′′
r μ
′
r μ
′′
r tan δ
ε′r σ
2 ε′′r σ
2 μ′r σ
2 μ′′r σ
2 tan δ σ2
BalsaLxHyEz 1.096 2.858 10−6 −0.0121 1.084 10−6 1.018 5.589 10−6 −5.159 10−3 4.637 10−7 1.615 10−2 4.326 10−7
BalsaLxHzEy 1.124 1.130 10−6 −0.0211 1.350 10−6 1.009 2.748 10−6 −9.029 10−4 7.935 10−7 1.967 10−2 6.999 10−7
BalsaLyHxEz 1.182 8.205 10−6 −0.0252 4.659 10−6 1.026 1.610 10−5 −6.489 10−3 1.821 10−6 2.763 10−2 1.228 10−6
BalsaLyHzEx 1.242 3.867 10−6 −0.0354 1.084 10−5 1.025 6.656 10−6 −1.056 10−2 2.483 10−6 3.879 10−2 2.146 10−6
BalsaLzHxEy 1.198 5.699 10−6 −0.0325 1.204 10−6 1.025 1.271 10−5 −9.454 10−4 6.173 10−7 2.808 10−2 5.198 10−7
BalsaLzHyEx 1.235 3.993 10−6 −0.0389 2.535 10−6 1.023 5.886 10−6 −4.617 10−3 7.104 10−7 3.601 10−2 1.863 10−6
Balsa impregnated with linseed oil
Balsa is a very porous wood. We will increase the time of wood immersion in the oil in
order to evaluate the eﬀect of the oil on the wood characteristics. Then we immersed the
Balsa sample in linseed oil during 6 hours in order to see the inﬂuence of this oil on the
characteristics of the wood. The drying was made during approximately 30 hours.
Table 2.6: Permittivities values of Balsa impregnated with linseed oil (waveguide)
Sample
ε′r ε
′′
r μ
′
r μ
′′
r tan δ
ε′r σ
2 ε′′r σ
2 μ′r σ
2 μ′′r σ
2 tan δ σ2
BalsaLxHzEy 1.124 1.130 10−6 −0.0211 1.350 10−6 1.009 2.748 10−6 −9.029 10−4 7.935 10−7 1.967 10−2 6.999 10−7
BalsaLinLxHzEy 1.171 6.320 10−4 −0.0223 5.434 10−4 1.053 5.652 10−4 −7.179 10−3 4.125 10−4 2.589 10−2 2.297 10−6
We notice that when we consider the average values, we obtain almost the same values
for the permittivity and for the permeability in the impregnated and in the non-impregnated
samples but on the other hand we remark that the dielectric losses increase.
71
CHAPTER 2. WOOD CHARACTERIZATION
8.5 9 9.5 10 10.5 11 11.5 12
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Permitivité électrique :  ε
r
‘
Fréquence (Ghz)
ε r
‘
BalsaXYZ
BalsaXZY
BalsaYXZ
BalsaYZX
BalsaZXY
BalsaZYX
Frequency (GHz)
Electric permi tivity :
Figure 2.27: Relative permittivity of balsa wood : real part (waveguide)
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Figure 2.28: Relative permittivity of balsa wood : imaginary part (waveguide)
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Figure 2.29: Relative permeability of balsa wood : real part (waveguide)
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Figure 2.30: Relative permeability of balsa wood : imaginary part (waveguide)
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Figure 2.31: Dielectric losses of balsa wood (waveguide)
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Figure 2.32: Comparison of the permittivity between natural Balsa and Balsa impreg-
nated with linseed oil (waveguide)
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Figure 2.33: Comparison of the permeability between natural Balsa and Balsa impreg-
nated with linseed oil (waveguide)
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Figure 2.34: Comparison of the dielectric losses between natural Balsa and Balsa impreg-
nated with linseed oil (waveguide)
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Figure 2.35: Relative permittivity of BalsaLR (open resonator)
2.8.3 Conﬁrmation of measurements using the Open Resonator
Measurement results for non-impregnated balsa
In the Table 2.7 we notice that the values are similar to the previously made measure-
ments : this allows us to conﬁrm the results obtained by waveguide measurements.
Table 2.7: Values of permittivity for balsa wood (open resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
BalsaLR 1.2348 1.8893 10−5 3.1347 10−2 1.8159 10−6 2.5384 10−2 1.0382 10−6
BalsaLR90 1.3758 3.8961 10−4 7.3406 10−2 1.1771 10−5 5.3344 10−2 3.9337 10−6
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Figure 2.36: Dielectric losses of BalsaLR (open resonator)
Measurement results for Balsa wood impregnated with linseed oil
We impregnated the Balsa in linseed oil in order to be able to measure the permittivities.
We noticed that the Balsa is a porous wood. But by observing the Table 2.8 we notice
that the values did not change signiﬁcantly : the linseed oil is a valid candidate for wood
protection against moisture.
Table 2.8: Values of permittivity for balsa wood impregnated with linseed oil (open
resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
BalsaLinLR 1.2604 5.4864 10−5 3.1454 10−2 1.0193 10−6 2.4953 10−2 4.8634 10−7
BalsaLinLR90 1.4086 2.2761 10−5 7.3016 10−2 1.9446 10−5 5.1839 10−2 9.9323 10−6
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Figure 2.37: Relative permittivity of BalsaLinLR (open resonator)
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Figure 2.38: Dielectric losses of BalsaLinLR (open resonator)
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2.8.4 Modelling of Balsa
In the Table 2.5, we notice very small values for the variance, for all the measured values :
we can consider for each quantity its average value.
The results of Table 2.5 were conﬁrmed by using another method of measurement :
the open resonator. The agreement between the two methods is 1% accuracy. In addition,
for the sample impregnated with linseed oil, the values obtained remain almost constant.
Relative permeability
According to the results of measurement, the value of the relative magnetic permeability
(the imaginary part being negligible) is the same in all the directions and is equal to unity :
the medium is thus non magnetic.
Relative permittivity
The values of the relative permittivity are complex, they diﬀer along the three axes, but
remain constant for each direction : we are in the presence of an anisotropic linear dielectric
medium. The dielectric tensor is :
εr =
⎛
⎜⎜⎝
εrx 0 0
0 εry 0
0 0 εrz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
1.110− j0.0166 0 0
0 1.212− j0.0303 0
0 0 1.217− j0.0357
⎞
⎟⎟⎠
According to what precedes, we notice that εry ≈ εrz : this anisotropic linear dielectric
medium has a uniaxial character.
Dielectric losses
The tensor of the dielectric losses is :
tan δ =
⎛
⎜⎜⎝
tan δx 0 0
0 tan δy 0
0 0 tan δz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
1.791 10−2 0 0
0 3.321 10−2 0
0 0 3.205 10−2
⎞
⎟⎟⎠
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Figure 2.39: Bubinga wood
We notice that the dielectric losses are greater than 3 10−2 in two directions ((o,y) and
(o,z)). But we notice that in the (o,x) direction the losses are lower than 2 10−2 (the value
for the FR4 dielectric tangent losses). Such losses are acceptable for our application and
the use of this species of wood as a substrate looks very encouraging.
2.9 BUBINGA WOOD
2.9.1 Characteristics
Denomination
scientiﬁc Name : Guibourtia demeusei, Guibourtia pellegriniana,
Guibourtia tessmannii
Family : Leguminosae Caesalpinae
Origins : Cameroon, Congo, Guinea Equatorial,
Democratic Republic of Congo.
Cameroonian local denomination : Bubinga, Essingang
Other local denominations : Kevazingo, Nomélé, Ebana, Waka, Oveng
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Description of sapwood and perfect wood
Description of sapwood : Distinct, Pallid
Color of perfect wood : Reddish, Purplish Veins
Line of perfect wood : -
Against-grain of perfect wood : Frequent, light
Grain of perfect wood : Fine to semi-ﬁne
Meshing of perfect wood : Fine
Density in a green state : 1000 Kg/m3
Physical and mechanical characteristics
Density at 12% : 800 Kg/m3 ≤ density ≤ 950 Kg/m3
Total volume withdrawal : 0.57%
(per percentage of moisture in less)
Total tangential withdrawal : 8.3%
Total radial withdrawal : 5.7%
Axial compression at 12% : 72 MPa
Static inﬂexion at 12% : 146 MPa
Elasticity modulus at 12% : 14,500 MPa
Mushrooms durability : Very durable
Termites durability : Durable
Vrillette/Lyctus durability : Durable
Impregnability : Non impregnable
Hardness : Hard to very hard
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Implementation
Sawing : Rather diﬃcult (request the power)
Machining : Diﬃcult (against-grain)
Nailing : Easy (drilling of before-holes)
Joining : Diﬃcult
Completion : Good
Plating : Cutting (dappled aspect)
Drying : Rather diﬃcult, slow
Surface treatment : Very good, sometimes with varnish deteriorations
Usage : Fitting, Frame, Construction, Cabinet work,
Staircases, Musical instruments, Skirting,
Interior wood ﬁnishing and external, Pieces of furniture, Tools,
Parquet ﬂoors, Plating, Sculpture, Turning, Cross-pieces
2.9.2 Measurement results
Waveguide measurements
Table 2.9: Non-impregnated Bubinga permittivity values (waveguide)
Sample
ε′r ε
′′
r μ
′
r μ
′′
r tan δ
ε′r σ
2 ε′′r σ
2 μ′r σ
2 μ′′r σ
2 tan δ σ2
BubingaLxHyEz 2.667 4.607 10−2 −0.2669 4.793 10−2 0.979 4.146 10−3 2.792 10−2 3.526 10−3 7.239 10−2 7.780 10−4
BubingaLxHzEy 2.715 6.307 10−2 −0.3246 6.916 10−2 0.989 5.019 10−3 3.191 10−2 5.811 10−3 8.637 10−2 8.304 10−4
BubingaLyHxEz 2.753 5.393 10−2 −0.2227 4.841 10−2 0.988 4.647 10−3 8.303 10−3 3.995 10−3 7.362 10−2 7.409 10−4
BubingaLyHzEx 2.780 5.257 10−2 −0.2118 5.572 10−2 0.971 4.140 10−3 8.830 10−3 4.230 10−3 6.807 10−2 8.000 10−4
BubingaLzHxEy 3.318 1.441 10−1 −0.2822 1.367 10−1 0.942 7.543 10−3 −1.194 10−2 7.057 10−3 9.962 10−2 8.568 10−4
BubingaLzHyEx 3.221 1.794 10−1 −0.7059 1.741 10−1 0.968 8.873 10−3 8.583 10−2 1.408 10−2 1.306 10−1 6.744 10−4
Since this wood has important losses, it is not necessary to do measurement with im-
pregnated sample.
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Figure 2.40: Relative permittivity of bubinga wood : real part (waveguide)
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Figure 2.41: Relative permittivity of bubinga wood : imaginary part (waveguide)
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Figure 2.42: Relative permeability of bubinga wood : real part (waveguide)
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Figure 2.43: Relative permeability of bubinga wood : imaginary part (waveguide)
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Figure 2.44: Dielectric losses of bubinga wood (waveguide)
2.9.3 Conﬁrmation of measurements using the Open Resonator
Measurement results of non-impregnated Bubinga
Observing the Table 2.10, we notice similarities on the average values with previously
made measurements, but we also note rather notorious diﬀerences on the variances observed
in the two methods of measurement. These increased values of variances is due to the
variation of the permittivity. To explain this variation, Aron [41] suggested that it arises
as a result of coupling between the TE01n mode and the degenerated TM11n mode. In spite
of the variations compared to the average value we will be able to conﬁrm these results
obtained if we stick to the average value.
Table 2.10: Permittivity values for non-impregnated Bubinga wood (open resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
BubingaLR 2.6316 3.2479 10−3 2.7573 10−1 1.5598 10−3 1.0457 10−1 1.6589 10−4
BubingaLR90 3.1067 2.1980 10−2 4.4553 10−1 5.6624 10−3 1.4298 10−1 3.7726 10−4
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Figure 2.45: Relative permittivity of Bubinga wood (open resonator)
9.5 10 10.5 11 11.5
−0.5
−0.4
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
0.4
0.5
Pertes diélectriques :  tg(δ)
Fréquence (Ghz)
tg
(δ)
Bubinga
Bubinga90
Frequency (GHz)
Dielectric losses :
Figure 2.46: Dielectric losses of Bubinga wood (open resonator)
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2.9.4 Modelling of Bubinga
In Table 2.9, we notice that variance values go up to about 10−2. These values are too
important to let us consider only the average value. But if we compare these measurements
with those obtained with the open resonator, where the variance values are small, we notice
that the average values are the same. These two measurements let us conclude that we
have an oscillation around the average value, which should be the value corresponding to
the characteristic properties of this specie of wood.
Relative permeability
According to the measurement results, the value of the relative magnetic permeability (the
imaginary part being negligible) is the same one in all directions and is equal to the unity :
the medium is thus non magnetic.
Relative permittivity
If we consider the average value, we can say that the values of the relative permittivity are
complex, diﬀerent along the three axes but remain constant in each direction : this wood
is an anisotropic linear dielectric medium. The dielectric tensor is :
εr =
⎛
⎜⎜⎝
εrx 0 0
0 εry 0
0 0 εrz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
2.691− j0.2958 0 0
0 2.767− j0.2173 0
0 0 3.270− j0.4941
⎞
⎟⎟⎠
According to what precedes, we notice that εrx ≈ εry : this anisotropic linear dielectric
medium has an uniaxial character.
Dielectric losses
The tensor of the dielectric losses is :
tan δ =
⎛
⎜⎜⎝
tan δx 0 0
0 tan δy 0
0 0 tan δz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
7.938 10−2 0 0
0 7.085 10−2 0
0 0 11.511 10−2
⎞
⎟⎟⎠
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Figure 2.47: Dibetou wood
We notice that the dielectric losses are important in all directions and are higher than
7 10−2. These very important losses do not make of Bubinga a good candidate as a dielectric
substrate.
2.10 DIBETOU WOOD
2.10.1 Characteristics
Denomination
Scientiﬁc name : Lovoa Trichilloides Harms
Family : Meliaceae
Origins : Cameroon, Congo, Ivory Coast,
Gabon, Ghana, Equatorial Guinea,
Liberia, Nigeria, Sierra Leone,
Democratic Republic of Congo.
Cameroonian local denomination : Bibolo
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Description of sapwood and perfect wood
Description of sapwood : Distinct, Yellow grayed
Color of perfect wood : Brown gilded, grayed, very dark veins
Line of perfect wood : -
Against-grain of perfect wood : Frequent, light
Grain of perfect wood : Fine to semi-ﬁne
Mesh of perfect wood : Fine
Density in a green state : 800 Kg/m3
Physical and mechanical characteristics
Density at 12% : 430 Kg/m3 ≤ density ≤ 650 Kg/m3
Total volume withdrawal : 0.42%
(per percentage of moisture in less)
Total tangential withdrawal : 5.8%
Total radial withdrawal : 3.7%
Axial compression at 12% : 44 MPa
Static inﬂexion at 12% : 85 MPa
Elasticity modulus at 12% : 10,500 MPa
Mushrooms durability : Fairly durable
Termites durability : Fairly durable
Vrillette/Lyctus durability : Durable
Impregnability : Not very impregnable
Hardness : Tender to half-hard
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Implementation
Sawing : Easy
Machining : Rather diﬃcult (against-grain)
Nailing : Easy
Joining : Good
Completion : Good
Plating : Cutting and unwinding after drying
Drying : Rather easy
Treatment surface : Is impregnated and varnished very well
Usage : Fitting, Plywood, Cabinet work,
Skirting, Interior wood ﬁnishing, Pieces of furniture
Plating, Turning
2.10.2 Measurement results
Waveguide measurements
Table 2.11: Permittivity values for non-impregnated Dibetou wood (waveguide)
Sample
ε′r ε
′′
r μ
′
r μ
′′
r tan δ
ε′r σ
2 ε′′r σ
2 μ′r σ
2 μ′′r σ
2 tan δ σ2
DibetouLxHyEz 1.845 9.223 10−3 −0.1251 9.357 10−3 1.000 2.451 10−3 8.239 10−3 2.174 10−3 5.960 10−2 4.353 10−4
DibetouLxHzEy 1.905 9.742 10−3 −0.1341 1.034 10−2 0.996 2.467 10−3 7.608 10−3 2.110 10−3 6.290 10−2 4.541 10−4
DibetouLyHxEz 1.928 1.003 10−2 −0.0936 1.110 10−2 0.989 2.157 10−3 −7.868 10−3 2.366 10−3 5.683 10−2 4.804 10−4
DibetouLyHzEx 1.966 1.098 10−2 −0.1482 1.236 10−2 0.992 2.492 10−3 8.574 10−3 2.285 10−3 6.699 10−2 4.093 10−4
DibetouLzHxEy 2.406 2.636 10−2 −0.2820 2.632 10−2 0.979 2.993 10−3 2.484 10−3 3.009 10−3 1.155 10−1 6.695 10−4
DibetouLzHyEx 2.465 2.901 10−2 −0.2745 2.894 10−2 0.968 3.035 10−3 1.092 10−3 2.983 10−3 1.111 10−1 6.986 10−4
Since this wood has important losses, it is not necessary to do measurement with im-
pregnated sample.
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Figure 2.48: Relative permittivity of Dibetou wood : real part (waveguide)
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Figure 2.49: Relative permittivity of Dibetou wood : imaginary part (waveguide)
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Figure 2.50: Relative permeability of Dibetou wood : real part (waveguide)
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Figure 2.51: Relative permeability of Dibetou wood : imaginary part (waveguide)
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Figure 2.52: Dielectric losses of Dibetou wood (waveguide)
2.10.3 Conﬁrmation of measurements by using the Open Res-
onator
Non-impregnated Dibetou measurement results
By observing the Table 2.12 we notice that the diﬀerences are smaller or equal to 10% on
the average values for both methods of measurement. Such small diﬀerences allow us to
say that the two measurements are very close and conﬁrm the obtained results.
Table 2.12: Permittivity values of Non-impregnated Dibetou wood (open resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
DibetouLR 1.743 3.680 10−4 1.473 10−1 1.510 10−4 8.447 10−2 3.863 10−5
DibetouLR90 2.176 3.296 10−3 2.896 10−1 7.937 10−4 1.330 10−1 1.046 10−4
93
CHAPTER 2. WOOD CHARACTERIZATION
8.5 9 9.5 10 10.5 11
0
0.5
1
1.5
2
2.5
3
3.5
4
Permitivité électrique :  ε
r
‘
Fréquence (Ghz)
ε r
‘
Bibolo
Bibolo90
8.5 9 9.5 10 10.5 11
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
Permitivité électrique :  ε
r
"
Fréquence (Ghz)
ε r
"
Bibolo
Bibolo90
Electric permittivity :
Frequency (GH )
Electric permittivity :
Frequency (GH )
Dibetou
Dibetou90
Dibetou
Dibetou90
Figure 2.53: Relative permittivity of non-impregnated Dibetou (open resonator)
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Figure 2.54: Relative permittivity of non-impregnated Dibetou (open resonator)
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2.10.4 Modelling of Dibetou
In the Table 2.11, we notice that the values of the variance are about 10−2. These values
let us conclude that the results obtained from these two methods of measurement are
similar.
Relative permeability
According to the results of measurement, the value of the relative magnetic permeability
(the imaginary part being negligible) is the same in all the directions and is equal to unity :
the medium is thus non magnetic.
Relative permittivity
The values of relative permittivity are complex, diﬀerent along the three axes but remain
constant in each direction : we are deal with an anisotropic linear dielectric medium. The
dielectric tensor is :
εr =
⎛
⎜⎜⎝
εrx 0 0
0 εry 0
0 0 εrz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
1.875− j0.1296 0 0
0 1.947− j0.1209 0
0 0 2.436− j0.2783
⎞
⎟⎟⎠
According to what precedes, we notice that εrx ≈ εry : this anisotropic linear dielectric
medium has an uniaxial character.
Dielectric losses
The tensor of the dielectric losses is :
tan δ =
⎛
⎜⎜⎝
tan δx 0 0
0 tan δy 0
0 0 tan δz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
6.125 10−2 0 0
0 6.191 10−2 0
0 0 11.330 10−2
⎞
⎟⎟⎠
We notice that the dielectric losses are important in all the directions and are higher
than 6 10−2. These very important losses do not make of Dibetou a good candidate for a
dielectric substrate.
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Figure 2.55: Mbey wood
2.11 MBEY WOOD
2.11.1 Introduction
This species is a wood which is not indexed as a species having commercial value. This
name come from Maka of North people who are located in the Department of Lom and
Djerem, in Diang division. Sometimes children use it to manufacture bicycle. We try it to
see if we will have low losses. Since this wood does not appear in the repertory of tropical
wood, we do not have any of its characteristics.
2.11.2 Measurement results
Waveguide measurements
Since this wood has important losses, it is not necessary to do measurement with impreg-
nated sample.
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Figure 2.56: Relative permittivity of Mbey wood : real part (waveguide)
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Figure 2.57: Relative permittivity of Mbey wood : imaginary part (waveguide)
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Figure 2.58: Relative permeability of Mbey wood : real part (waveguide)
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Figure 2.59: Relative permeability of Mbey wood : imaginary part (waveguide)
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Table 2.13: Permittivity values for the non-impregnated Mbey wood (waveguide)
Sample
ε′r ε
′′
r μ
′
r μ
′′
r tan δ
ε′r σ
2 ε′′r σ
2 μ′r σ
2 μ′′r σ
2 tan δ σ2
MbeyLxHyEz 1.685 3.936 10−3 −0.1055 4.861 10−3 1.002 1.438 10−3 −9.554 10−3 1.630 10−3 7.229 10−2 9.452 10−5
MbeyLxHzEy 1.707 7.493 10−3 −0.1314 4.665 10−3 1.029 1.161 10−3 4.842 10−3 1.570 10−3 7.227 10−2 1.292 10−3
MbeyLyHxEz 1.705 8.841 10−3 −0.1132 7.183 10−3 0.988 2.520 10−3 −1.542 10−2 2.236 10−3 8.169 10−2 1.443 10−4
MbeyLyHzEx 1.791 8.360 10−3 −0.1238 9.010 10−3 0.993 2.027 10−3 2.090 10−2 2.175 10−3 4.841 10−2 5.152 10−4
MbeyLzHxEy 1.996 1.241 10−2 −0.1879 1.327 10−2 0.981 2.193 10−3 1.628 10−2 2.327 10−3 7.784 10−2 5.534 10−4
MbeyLzHyEx 2.109 1.668 10−2 −0.1998 1.449 10−2 0.990 2.6773 10−3 1.050 10−2 2.291 10−3 8.482 10−2 5.786 10−4
2.11.3 Conﬁrmation of measurements using the Open Resonator
Non-impregnated Mbey wood measurement results
Observing the Table 2.14, we notice diﬀerences smaller or equal to 10% on the average
values of both methods of measurement. These diﬀerences allow us to say that the two
measurements are very close and conﬁrm the results obtained.
Table 2.14: Permittivity values for the non impregnated Mbey wood (open resonator)
Sample
ε′r ε
′′
r tan δ
ε′r σ
2 ε′′r σ
2 tan δ σ2
MbeyLR 1.677 2.301 10−4 1.269 10−1 8.742 10−5 7.563 10−2 2.411 10−5
MbeyLR90 2.014 1.054 10−3 2.460 10−1 6.048 10−4 1.221 10−1 1.102 10−4
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Figure 2.60: Dielectric losses of Mbey wood (waveguide)
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Figure 2.61: Relative permittivity of non-impregnated Mbey wood
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Figure 2.62: Dielectric losses of non-impregnated Mbey wood
2.11.4 Modelling of Mbey
In tables 2.13 and 2.14, we notice that the values for the two methods of measurement are
similar.
Relative permeability
According to the results of measurement, the value of the relative magnetic permeability
(the imaginary part being negligible) is the same in all the directions and is equal to the
unity : the medium is thus non magnetic.
Relative permittivity
The values of the relative permittivity are complex, diﬀerent along the three axes but
remain constant in each direction : we have an anisotropic linear dielectric medium. The
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dielectric tensor is :
εr =
⎛
⎜⎜⎝
εrx 0 0
0 εry 0
0 0 εrz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
1.696− j0.1185 0 0
0 1.748− j0.1185 0
0 0 2.053− j0.1939
⎞
⎟⎟⎠
According to what precedes, we notice that εrx ≈ εry : this anisotropic linear dielectric
medium has an uniaxial character.
Dielectric losses
The tensor of the dielectric losses is :
tan δ =
⎛
⎜⎜⎝
tan δx 0 0
0 tan δy 0
0 0 tan δz
⎞
⎟⎟⎠ =
⎛
⎜⎜⎝
7.228 10−2 0 0
0 6.505 10−2 0
0 0 8.133 10−2
⎞
⎟⎟⎠
We notice that the dielectric losses are important in all directions and are higher than
6 10−2. These very important losses do not make of Mbey a good candidate for a dielectric
substrate.
2.12 DIELECTRIC LOSSES VERSUS DENSITY OF
THE WOOD
At the beginning of our project we decided to characterize all the species of wood that
are available in Cameroon, in order to choose the one that exhibits the lowest losses. We
thus became pioneers in the wood characterization in Central Africa. But as we can see,
the losses in the wood grow with its density (Figure 2.63). We also notice the same
phenomena with the variance values (Figure 2.64). The variance gives us a degree of
conﬁdence in the value of a measurement : if the variance is low, the material can be
characterized by the mean value. As we can see in the ﬁgure this conﬁdence decreases as
the permittivity increases. According to what precedes, since we began the measurements
with the less dense among the wood species available in Cameroon, it is not necessary to
pursue the characterization of all the woods.
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Mbey
Figure 2.63: Dielectric losses versus density
Mbey
Figure 2.64: Variance versus density
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2.13 CONCLUSION
One of the goals of this project is to use local wood as dielectric in SSFIP type antennas.
Before using a material as dielectric in an antenna design, we must know its characteris-
tics. We want to acknowledge the German company IMST which helped us in choosing
wood species as substrates, after I had done the ﬁrst wood characterization. The wood
species we used here come mainly from the Central Africa forest. These woods were not yet
characterized. This is the ﬁrst time that the measurement of dielectric constant has been
done on Central African wood species. Before we could carry out these measurement, we
began by reviewing some commonly used dielectric measurement techniques. Among these
measurement techniques, two were available in our laboratory : the waveguide method and
the open resonator technique. Since we wanted to measure the anisotropy of wood species,
it was necessary to have a sample cut along any of its principal axes. There, only the
waveguide method with the small sizes of its samples could allow us to achieve this goal.
Therefore, we considered the measurements obtained by this method as reference values.
But we still wanted to check whether the measured values were not too far from actual
values. This prompted us to conduct a second measurement with open resonator, to deter-
mine whether the values from the two methods were close enough. After deriving equations
which permitted us to obtain the expressions of dielectric constants, we carried out the two
series of measurement on each species wood. First of all, we carried out measurement by
using the waveguide method. All the measurement results obtained were summarized in
Table 2.15. Secondly we carried out measurements using the Open Resonator method.
All the measurements obtained by the second method were summarized in Table 2.16.
Observing the two tables, we can see that the diﬀerences between real values and between
imaginary values of permittivity εr and loss tangent tan δ provided by the two methods
are smaller or equal to 0.1 in absolute value. We can conclude that the values given by
the two methods of measurements are suﬃciently close, and thus conﬁrm the validity of
the measurements. The closeness of the values allows us to say that the values obtained
are close to the actual dielectric constants of each species of wood. These measurements
reveal that all the species of wood measured possess an anisotropic linear uniaxial dielectric
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Table 2.15: Waveguide measurement results
Wood εrx εry εrz μr tan δx tan δy tan δz
specie
Ayous 1.767− 1.776− 2.091˘ 1 5.545 5.992 9.069
j0.0994 j0.1291 j0.1876 10−2 10−2 10−2
Balsa 1.110− 1.212− 1.217− 1 1.791 3.321 3.205
j0.0166 j0.0303 j0.0357 10−2 10−2 10−2
Bubinga 2.691− 2.767− 3.270− 1 7.938 7.085 11.511
j0.2958 j0.2173 j0.4941 10−2 10−2 10−2
Dibetou 1.875− 1.947− 2.436− 1 6.125 6.191 11.330
j0.1296 j0.1209 j0.2783 10−2 10−2 10−2
Mbey 1.696− 1.748− 2.053− 1 7.228 6.505 8.133
j0.1185 j0.1185 j0.1939 10−2 10−2 10−2
character.
Since the antenna will face the humidity of the air, we found biological oil, linseed oil
to protect it against the moisture, which does not aﬀect the characteristics of the wood.
Among all the measurements we had made, considering their respective dielectric losses,
we could only use two species of wood : we will use Ayous wood as the line substrate, even
though it had slightly larger losses, and Balsa wood with its acceptable losses as the patch
substrate. We chose Ayous because of its good mechanical characteristics and also because
it will be used with a small thickness. Its use, simultaneously with Balsa, will allow us to
reach the gain of the Worldspace receiver. The dielectric losses observed with all the other
species of wood are much too large, they would not allow us to achieve the characteristics
of the Wordspace receiver that we previously mentioned.
These wood characteristics obtained through measurement are not only useful for an-
tenna design. They can also be of interest to industries specializing in microwaves and may
ﬁnd applications in microwave power applications.
Now that the species of wood have been chosen, we can use them to build antennas and
ﬁnd out whether their characteristics will ﬁt the Wordspace receiver requirements.
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Table 2.16: Open resonator measurement results
Wood specie εr tan δ
Ayous 1.7822− j0.13991 7.8474 10−2
Ayous90 2.1038− j0.21029 1.0024 10−1
Balsa 1.2348− j0.031347 2.5384 10−2
Balsa90 1.3758− j0.073406 5.3344 10−2
Bubinga 2.6316− j0.27573 1.0457 10−1
Bubinga90 3.1067− j0.44553 1.4298 10−1
Dibetou 1.743− j0.1473 8.447 10−2
Dibetou90 2.176− j0.2896 1.330 10−1
Mbey 1.677− j0.1269 7.563 10−2
Mbey90 2.014− j0.2460 1.221 10−1
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THE ALUMINIUM-WOOD
ANTENNA
3.1 INTRODUCTION
In our laboratory, LEMA, several antennas have been designed with conducting materials
not made of copper. For instance, our laboratory designed a Beryllium bronze (BzBe)
wire antenna for a project to study the terrestrial movements of the European tree frog
(Hyla arborea) [42]. In another project, called SOLANT, solar cells were used as patch
antennas, replacing printed copper sheets [43]-[44]. In the same project, ground planes
made of stainless steel were also used in the design of slot antennas [45]. Opening a new
and innovative line, in this thesis project we will use aluminium for the radiator, the ground
plane and the feed line (it should however be noted that, as far as conductivity is concerned,
aluminium is closer to copper than some other metals used elsewhere).
For the antennas that can be usually found in the market, they very seldom make use of
wood as an antenna material. For antennas using materials other than the standard high-
tech substrates such as FR4, Kapton, Rohacell, the only people who happen to use them are
some peculiar individuals like radio amateurs [46]. These particular people sometimes use
wood, either as support [47] , or to make the mast of their antennas. Cardboard, aluminium
foil and materials as curious as potato chips cans [48] are also used to create exciting
107
CHAPTER 3. THE ALUMINIUM-WOOD ANTENNA
antennas very appealing for young people and hence useful for educational purposes. Our
work gets inspiration from these attempts and aims to use local materials that can be
processed by local people and labor force in order to reduce the price of the antenna. This
is another innovation that our work intends to bring.
3.2 CHOICE OF THE TECHNOLOGY
The objective of this work is to develop a microstation for the reception of satellite signals,
and to make it available to universities in southern countries. Among the antennas operat-
ing over the frequency bands used for satellite reception, we selected microstrip antennas,
because their size are small and they are easy to manufacture. We plan to use wood and
aluminium to manufacture our antenna and we found that the least expensive way to as-
semble them is by gluing. Since the patch of our antenna will be made out of aluminium, it
would be diﬃcult to solder a copper wire feed to an aluminium patch : this can be avoided
by feeding the patch through a slot in the ground plane. All these constraints and speci-
ﬁcations correspond exactly to the SSFIP antenna [17] geometry. Therefore, we are going
to manufacture a SSFIP antenna, using wood for the dielectric substrate and aluminium
as patch, ground plane and feed line.
3.2.1 Wood - aluminium assembly
In order to select the best way to assemble our antenna, we carried out four tests by joining
Balsa wood with aluminium, using :
• scotch tape : it adheres well to wood but can be removed too easily;
• linseed oil: wood adheres well to aluminium but it is possible to separate them with
a small eﬀort;
• Araldite glue: joining is perfect. It requests much eﬀort to separate wood from
aluminium;
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Figure 3.1: SSFIP antenna
• Vlisoﬁx : it is a joining method which requires heating up to 150 degrees during 30
minutes. Joining is perfect, and it is very diﬃcult to separate wood from aluminium.
Unfortunately, this way of assembling reduces the water content and consequently
creates constraints in the wood, resulting in some contracting. These constraints and
withdrawals create deformations of the wood, which modify the antenna properties.
Hence this type of joining is not adapted for our use.
We chose to assemble with Araldite glue, which has a good adherence capacity. This
and equivalent local glues are easily available in Cameroon.
3.2.2 SSFIP antenna type
The structure of SSFIP antenna is shown in the Figure 3.1. Initially we will replace
the foam by wood (Balsa). Then we will replace the top layer, which plays the role of
protecting cover, by linseed oil. Then we will replace the copper patch by an aluminium
patch. Finally we will replace the copper ground plane where the slot is engraved by an
aluminium ground plane with the same slot, the FR4 substrate by wood (Ayous) and the
copper feed line by an aluminium feed line. At the end we will have an antenna only made
of wood and aluminium. The system will be assembled by simply gluing the layers with
Araldite.
We will ﬁrst simulate, and then manufacture antennas with linear polarization and
quantify the increase of the losses, which aﬀect particularly the gain of these antennas.
Once a linearly polarized antenna has been successfully analyzed and built, the next step
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Table 3.1: Parameters common to all the antennas
Denomination Width (mm) Length (mm) Thickness (mm)
Strip - 107.3 -
Line substrate 150 180 -
Ground plane 150 180 -
Patch substrate 150 180 8
will be to move to the realization of a circularly polarized antenna.
3.3 COMPARATIVE STUDY OF ANTENNAS
In order to determine whether our project is feasible, we will ﬁrst ﬁnd out whether the
gain of our antenna built with a wood substrate is large enough for operation with a
Worldspace receiver. Then we will measure the gain of all the designed antennas at the
same resonant frequency. Since the dimensions of the antenna’s patch are related to the
resonant frequency and the relative permittivity of the substrate, it will be diﬃcult to
have all the antennas with the same size. Equations related to the antenna dimensions
are well documented in the literature [15]. For example, the length of microstrip patch
antennas is approximately equal to λ/(2
√
ε′r) where λ is the wavelength of the signal in
the air and ε′r is the relative permittivity of the substrate. Once the resonance frequency
is known, the ﬁnal dimensions of all the elements of the microstrip antennas were obtained
after simulations. All the following antenna’s dimensions in this section are related to the
wavelength and are optimized through simulations. Since we want to measure the loss of
quality, all the antennas must have the same resonant frequency and the same dimensions,
especially for substrates because the losses come mainly from substrates. In order to make a
valid comparison we will keep constant for each type of antenna the dimensions of elements
which have negligible eﬀects on the antennas’ resonant frequency or are not dependent on
the available dimensions in the market and we will realize linearly polarized antennas. The
dimensions which will remain constant are summarized in the Table 3.1.
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Figure 3.2: SSFIP Antenna’s reﬂection measurements
Initially, we will measure the resonant frequencies of each antenna, and then we will
take the average of these frequencies to make a comparative measurement of the gain of
these antennas. To determine the frequencies of resonance, we will measure the reﬂection
at the antenna input.
3.3.1 Standard SSFIP antenna
In the standard SSFIP antenna we have : a copper patch printed on Kapton which will be
used as cover, a Rohacell foam which plays the role of patch substrate, a copper ground
plane with the slot and the copper strip which are printed on the FR4 substrate which
plays the role of line substrate. All these elements are joined with vlisoﬁx at 150 degrees
temperature during 30 minutes. The parameters are summarized in the Table 3.2. The
reﬂection measurement (Figure 3.2) of this antenna gives us f0 = 1.468 GHz as resonance
frequency and a bandwidth of 5.86%.
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Table 3.2: SSFIP antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 3 - 0.012 Copper
Line substrate - - 1.6 FR4
Ground plane - - 0.012 Copper
Slot 42 1.5 0.012
Patch substrate - - - Rohacell (ε′r = 1.07,
tan δ = 0.0008)
Patch 80 80 0.017 Copper
Cover 150 180 0.1 Kapton (ε′r = 3.5,
tan δ = 0.008)
3.3.2 Wood (Balsa) SSFIP antenna
Here we have all the SSFIP elements but we replace the foam with Balsa wood and all the
elements are joined by Araldite glue. The parameters are summarized in the Table 3.3.
The reﬂection measurement (Figure 3.3) for this antenna gives us f0 = 1.440 GHz as
resonance frequency and a bandwidth of 8%.
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Figure 3.3: Wood (Balsa) SSFIP Antenna’s reﬂection measurements
Table 3.3: Wood (Balsa) SSFIP antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 3 - 0.012 Copper
Line substrate - - 1.6 FR4
Ground plane - - 0.012 Copper
Slot 44 1.5 0.012
Patch substrate - - - Balsa (ε′r = 1.2,
tan δ = 0.026)
Patch 76 76 0.017 Copper
Cover 150 180 0.1 Kapton (ε′r = 3.5,
tan δ = 0.008)
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Figure 3.4: Balsa Antenna’s reﬂection measurements
3.3.3 Balsa antenna
In Balsa antenna we have : an aluminium patch, Balsa wood as patch substrate, a copper
ground plane with the slot and the copper strip which are printed on the FR4 substrate
which plays the role of line substrate. All these elements are joined with Araldite glue. The
parameters are summarized in the Table 3.4. The reﬂection measurement (Figure 3.4)
for this antenna gives us f0 = 1.487 GHz as resonance frequency and a bandwidth of 7.73%.
3.3.4 Ayous antenna
In Ayous antenna we have : an aluminium patch, Ayous wood as patch substrate, a copper
ground plane with the slot and the copper strip which are printed on the FR4 substrate
which plays the role of line substrate. All these elements are joined with Araldite glue. The
parameters are summarized in the Table 3.5. The reﬂection measurement (Figure 3.5)
for this antenna gives us f0 = 1.440 GHz as resonance frequency and a bandwidth of
10.63%.
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Table 3.4: Balsa antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 3 - 0.012 Copper
Line substrate - - 1.6 FR4
Ground plane - - 0.012 Copper
Slot 44 1.5 0.012
Patch substrate - - - Balsa (ε′r = 1.2,
tan δ = 0.026)
Patch 76.5 76.5 0.14 Aluminum
Cover No cover
Figure 3.5: Ayous Antenna’s reﬂection measurements
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Table 3.5: Ayous antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 3 - 0.012 Copper
Line substrate - - 1.6 FR4
Ground plane - - 0.012 Copper
Slot 40 1.5 0.012
Patch substrate - - - Ayous (ε′r = 1.77,
tan δ = 0.0577)
Patch 63 63 0.14 Aluminum
Cover No cover
3.3.5 Ayous - Balsa antenna
In Ayous - Balsa antenna we have : an aluminium patch, Balsa wood as patch substrate,
an aluminium ground plane with the slot, Ayous wood as line substrate and aluminium
strip. All these elements are joined with Araldite glue. The parameters are summarized
in the Table 3.6. The reﬂection measurement (Figure 3.6) for this antenna gives us
f0 = 1.506 GHz as resonance frequency and a bandwidth of 10.82%.
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Figure 3.6: Ayous-Balsa Antenna’s reﬂection measurements
Table 3.6: Ayous-Balsa antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 4 - 0.14 Aluminum
Line substrate - - 1.2 Ayous (ε′r = 1.77,
tan δ = 0.0577)
Ground plane - - 0.14 Aluminum
Slot 38 4 0.14
Patch substrate - - - Balsa (ε′r = 1.2,
tan δ = 0.026)
Patch 75 75 0.14 Aluminum
Cover No cover
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Table 3.7: Comparative Gain measurements at 1.468 GHz
Denomination Gain Loss (dB) Gain (dB)
SSFIP Antenna 0 10.02
Wood (Balsa) SSFIP antenna −0.89 9.13
Balsa antenna −1.05 8.97
Ayous-Balsa antenna −1.43 8.59
Impregnated Ayous-Balsa antenna −1.72 8.30
Ayous antenna −3.64 6.38
3.3.6 Comparative study
As we can see, the bandwidths of these antennas fall within the range of those of microstrip
antennas. For microstrip antennas the bandwidth decreases when the substrate permittiv-
ity increases [49]. In our measurements we note an opposite eﬀect : the measured band-
widths (5.86%–10.82%) grow as the substrate permittivity increases (1.07 (tan δ = 0.0008)–
1.77 (tan δ = 0.0577)). This phenomenon observed in measurement values is mainly due
to dielectric losses, which play a preponderant role on the increase of the bandwidth. This
phenomenon highlights the eﬀect of dielectric losses on the increase in bandwidth of the
SSFIP type antenna. In the other hand, using the resonant frequency equation from [15]
we verify that the calculated and the measured values of the resonant frequency are very
close : this veriﬁcation conﬁrms the validity of our measurements.
These various measurements show us that it is diﬃcult to simulate, and then to man-
ufacture, at a nonindustrial level, antennas having exactly the same frequencies of reso-
nance. However, the frequency dispersion is not so large, so we will take the average value
of all these resonant frequencies and then quantify the gain losses by using the SSFIP
antenna as a reference. After calculation we obtain f0moy = 1.468 GHz as average value.
Measured reﬂection coeﬃcients at resonance are always below -15 dB so we can consider
that all the antennas are well matched during the gain measurements. At the frequency
f0moy = 1.468 GHz we will measure the reduction in gain as compared to that of SSFIP
antenna. The results obtained are summarized in Table 3.7.
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Figure 3.7: Three antennas gain measurement method
Table 3.7 shows us that all the gain values are greater than the 6 dB gain of the
Worldspace receiver antenna. We also notice a large diﬀerence, of about 3 dB between the
SSFIP antenna and the Ayous antenna. But this diﬀerence is reduced by half, down to
1.43 dB between the SSFIP antenna and the Ayous-Balsa antenna : this result conﬁrms
the assumption we made earlier, according to which losses in Ayous-Balsa antenna will be
deﬁnitely lower than those of Ayous antenna. In addition, we notice losses of −1.72 dB
when the antenna is impregnated with linseed oil. These losses make a diﬀerence of 0.29 dB
between the impregnated and the non impregnated Ayous-Balsa antenna. This is not so
bad and this result comes to conﬁrm that this oil can be used to protect the wood against
moisture. We ﬁnally measured the intrinsic gains of the Balsa and Ayous-Balsa antennas
by using the method of three antennas [78], taking as third antenna the SSFIP antenna
(Figure 3.7). We notice that the gains of the three antennas are greater than 7 dB over
the DAB frequency band and this is a satisfactory information to use these wood antenna
for satellite reception.
Now that our ﬁrst idea, which is to use wood as substrate has been just conﬁrmed by
measurements, we will launch the measurement of the other characteristics of this type of
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Table 3.8: Linearly polarized Balsa antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 3 107.3 0.017 Copper
Line substrate 150 180 1.6 FR4
Ground plane 150 180 0.017 Copper
Slot 69 1.5 0.017
Patch substrate 150 180 12.3 Balsa (ε′r = 1.2,
tan δ = 0.026)
Patch 76 76 0.14 Aluminum
antenna.
3.4 LINEARLY POLARIZED ANTENNA
We will study in this section the characteristics of antennas that present the larger interest
for our project : the Balsa antenna and the Ayous-Balsa antenna.
3.4.1 Balsa antenna
The parameters of the Balsa antenna (Figure 3.8) are summarized in the Table 3.8.
Sensitivity to misalignments
Before gluing the patch on the substrate, we made a test of antenna sensitivity. Reﬂection
measurements were made without absorbent. We initially measured the reﬂection with the
patch placed at its initial location. Then we performed measurements with the patch in
one of the following positions :
• the patch is moved 5 mm in the (ox) axis only;
• the patch is moved 5 mm in the (oy) axis only;
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Figure 3.8: Balsa antenna
Figure 3.9: Antenna with patch on place and moved
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Figure 3.10: Antenna reﬂection : rectangular coordinates diagram
• the patch is moved 5 mm simultaneously in (ox) and (oy) axis;
• the patch has undergone a rotation of 450;
For each one of these positions of the patch, we have noticed that the adaptation of
the antenna did not undergo signiﬁcant changes (Figure 3.9). This enables us to say
that the linearly polarized antenna with wood substrate has a very small sensitivity to a
displacement lower or equal to 5 mm of the patch.
Reﬂection measurement
On the Figure 3.10 we have both the simulation and the measurement graphs of the
reﬂection coeﬃcient. From this graph we notice a very small diﬀerence between the curve
resulting from simulation and that obtained by measurements. We can say that the two
results are practically identical. On the Smith chart (Figure 3.11) we notice for certain
values that the real and imaginary parts diﬀer slightly : we can see a rotation towards the
left of the crossing point of the curve. But the adaptation of the antenna with respect to
the two methods coincides perfectly.
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Figure 3.11: Antenna reﬂection : Smith chart
Antenna gain
This measurement was made by using a log-periodic antenna as reference antenna (Figure 3.12).
The error due to measurement by using this antenna is less or equal to ±0.5 dB. We ob-
serve a diﬀerence of 2.19±0.5dB between simulation and measurements results. In addition
the measured gain of 9.856dB allows us to say that our antenna can be connected to a
Worldspace receiver.
Radiation pattern
We simulated, and then measured the ﬁeld in the E plane (Figure 3.13, Figure 3.14)
and in the H plane (Figure 3.15, Figure 3.16). We note that, according to these ﬁgures,
all the curves behave in a similar manner.
In the E plane, the measured pattern exhibits a dissymmetry, which must certainly be
related to the fact that the antenna presents a manufacture dissymmetry.
In the H plane we have a perfect symmetry.
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Figure 3.12: Radiation pattern
Figure 3.13: Simulated Radiation pattern in E plane
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Figure 3.14: Measured Radiation pattern in E plane
Figure 3.15: Simulated Radiation pattern in H plane
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Figure 3.16: Measured Radiation pattern in H plane
In term of values we observe a diﬀerence (measured E - simulated E) of +3.585 dB in
the E plane and of +5.595 dB in the H plane for the maximum values of the ﬁeld. This is
very encouraging for the realization of this antenna.
The measurement of the cross-polar ﬁeld (Figure 3.17) shows that it is very small,
and this allows us to verify that our antenna has a linear polarization.
Inﬂuence of protection layer
We whitewashed our antenna with linseed oil. Then we took measurements (Figure 3.18)
to appreciate the inﬂuence of this layer of protection on the antenna properties. We no-
tice that the amplitude did not change but that a small displacement in frequency of
−0.02 GHz : this result conﬁrms the fact that we can use linseed oil to protect wood
against moisture.
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Figure 3.17: Measured Co-polar and cross-polar ﬁeld
Figure 3.18: Comparison between impregnated and non impregnated antennas
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Table 3.9: Linearly polarized Ayous-Balsa antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip 4 107.3 0.14 Aluminum
Line substrate 150 180 1.2 Ayous (ε′r = 1.77,
tan δ = 0.0577)
Ground plane 150 180 0.14 aluminum
Slot 38 4 0.14
Patch substrate 150 180 8 Balsa (ε′r = 1.2,
tan δ = 0.026)
Patch 75 75 0.14 Aluminum
3.4.2 Ayous-Balsa antenna
The Ayous-Balsa antenna’s parameters are summarized in Table 3.9.
Reﬂection measurement
On the rectangular coordinates graph (Figure 3.19) and on the Smith chart (Figure 3.20)
we have simulated and measured values of reﬂection coeﬃcient. We notice a frequency shift
of 0.04 GHz between measurement and simulation. This frequency shift must certainly
come mainly from the assembly and the joining of the various elements. The curves have
however the same look.
Antenna’s gain
We measured the absolute gain (Figure 3.7) of this antenna by the method of three
antennas. We have for the DAB frequency band a gain above the minimum required value
for a Worldspace receiver.
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Figure 3.19: Antenna reﬂection : cartesian coordinates diagram
Figure 3.20: Antenna reﬂection : Smith chart
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Figure 3.21: Measured Co-polar and cross-polar patterns in the E plane
Radiation pattern
We measured the co-polar and cross-polar ﬁeld patterns in the E plane (Figure 3.21) and
in the H plane (Figure 3.22). We notice a perfect symmetry of the curves, with the values
slightly larger than those for the Balsa antenna.
In addition we notice a good linear polarization.
Inﬂuence of protection layer
We whitewashed our antenna with linseed oil. Then we took measurements (Table 3.7) to
appreciate the inﬂuence of this layer of protection on the antenna properties. We do notice
a slight diﬀerence of 0.29 dB between the impregnated and the non impregnated antenna.
This result conﬁrms once more that we can use linseed oil to protect wood against moisture.
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Figure 3.22: Measured Co-polar and cross-polar patterns in the H plane
3.4.3 Conclusion
In view of its good behaviour and best results obtained, we can conﬁrm that wood and
aluminium can be used to manufacture an antenna with the SSFIP geometry, using wood as
substrate. In the following section we will show that the results obtained and the conclusion
drawn remain valid for a circularly polarized antenna.
3.5 CIRCULARLY POLARIZED ANTENNA
Since the results for the analysis of circularly polarized antennas are similarly independent
of the antenna type, we will focus on the Ayous-Balsa left circularly polarized antenna. The
schematic of the circularly polarized antenna in the plane is represented by the Figure 3.23
and its feed line is represented by the Figure 3.24.
The parameters of the antenna are summarized in Table 3.10.
We notice here a notorious diﬀerence between measurements and simulation on the
level of the reﬂection (Figure 3.25, Figure 3.26). This diﬀerence comes mainly from
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Figure 3.23: Left circularly polarized antenna
Figure 3.24: Strip dimensions of left circularly polarized antenna
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Table 3.10: Left circular polarized Ayous-Balsa antenna parameters
Denomination Width Length Thickness Description
(mm) (mm) (mm)
Strip - - 0.14 Aluminum
Line substrate 150 180 1.2 Ayous (ε′r = 1.77,
tan δ = 0.0577)
Ground plane 150 180 0.14 Aluminum
First slot 4 40 0.14
Second slot 50 4 0.14
Patch substrate 150 180 8 Balsa (ε′r = 1.2,
tan δ = 0.026)
Patch 70 76 0.14 Aluminum
manufacture errors.
In addition the measurement of the radiation pattern (Figure 3.27) with a spinning
dipole gives a better ellipticity. Nevertheless this ellipticity can be improved.
Finally, the measured gain is 5.153 dB (Figure 3.28). This value is smaller than that
of the Worldspace antenna. But we can compensate this drawback by using a low noise
ampliﬁer with a gain higher than the one speciﬁed in the Worldspace characteristics. This
result can also be improved upon by seeking the best parameters in the simulation. We
will be able to connect our Ayous-Balsa antenna to the Worldspace receiver by using an
ampliﬁer with a gain higher than 14.84 dB.
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Figure 3.25: Antenna reﬂection : cartesian coordinates plot
Figure 3.26: Antenna reﬂection : Smith chart
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Figure 3.27: Measured radiation pattern
Figure 3.28: Measured gain
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3.6 CONCLUSION
Our ﬁrst idea was to use local materials to design antennas. Since we planned to use
aluminium for the radiating patch, we might well had to face the notorious technological
problem : connecting aluminium to copper was always diﬃcult and problematic, either
by soldering or by welding. Therefore we used here the SSFIP conﬁguration, which was a
good compromise between simplicity and performances. The diﬀerent blocks of the antenna
were assembled by simply gluing the layers with a classical glue of Araldite type, which was
locally available in Cameroon. As far as our knowledge goes, this was the ﬁrst time that
antennas were designed and manufactured with wood as line and patch substrates, and
aluminium as patch, ground plane and feed line. We manufactured antennas with diﬀerent
technologies and we did compare measurements, essentially to quantify the reduction in
gain with respect to the reference SSFIP antenna. All the designed antennas (Balsa, Ayous-
Balsa, impregnated Ayous-Balsa and Ayous antennas) exhibited a large enough gain to be
connected to a Worldspace receiver. But if we looked carefully at the gain values, we would
notice that the gain of the Ayous antenna was just at the borderline for the Worldspace
requirement : no manufacturing error would be tolerated! Since we would like to have
non professional people manufacture these antennas, we chose the Balsa antenna and the
Ayous-Balsa antenna. As we could expect, we observed a reduction in gain of -1.43 dB for
a non-impregnated Ayous-Balsa antenna and of -1.72 dB for an impregnated Ayous-Balsa
antenna, which were smaller than those of the Ayous antenna. These measurements, which
we had just taken, conﬁrmed that antennas can be manufactured at a lower cost, by using
only wood and aluminium, with a simple assembling process : gluing. It also conﬁrmed
that linseed oil could protect the wood against moisture. The best antenna built upon a
wood substrate gave us a highest maximum gain of 8.54 dB, value which was only 1.46 dB
below the maximum value of the SSFIP reference antenna. In addition we achieved a better
radiation diagram in linear polarization, both in the E and the H plane, and in circular
polarization too. We also remarked that the wood antenna tolerates manufacturing errors
when the patch was displaced laterally. These results led us to conﬁrm that an antenna
with a wood substrate could be used for the reception of the Worldspace satellites signals.
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In order to make use of these encouraging results, we will, in the next chapter, design a
low noise ampliﬁer, associate it to the antenna and then carry out satellite receiving tests.
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Chapter 4
RF FRONT-END
4.1 Introduction
In the previous chapter we designed an aluminium-wood antenna. In order to verify if the
designed antenna can be used for satellite reception, the next step will be to connect it to
a commercial satellite receiver and use the system for reception tests of satellite signals.
The signal received from the satellite by this kind of antenna is very weak. If we want to
use the antenna for the reception of satellite signals it will be important to strengthen the
received signal with a low noise ampliﬁer (LNA) before connecting it to the receiver. Since
the received signal’s amplitude is too small, the LNA must be placed as close as possible to
the antenna. The easiest way of doing it is to integrate directly the LNA with the antenna.
Thus the antenna and the LNA constitute an active antenna and form what we call here
the radiofrequency (RF) front-end.
Our application targets to provide a global system for the reception of satellite signals.
To achieve this goal, we need an active antenna. In this chapter we will review some
calculations relative to LNA. Then we will design, manufacture and measure the LNA
characteristics. Afterwards we will join the LNA to the planar antenna and connect the
active antenna obtained in this manner to a commercial Worldspace receiver. Finally, we
will perform receiving tests of the Worldspace radio station with the system designed.
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Figure 4.1: RF receiver system
4.2 Simpliﬁed strategy for the LNA
In professional RF receiver and front-end systems the ampliﬁcation of the signal at the
microwave level is often achieved with a chain of two cascade low noise ampliﬁer separated
by a ﬁlter (Figure 4.1). Indeed, it is essential to select a preampliﬁer (LNA) having a noise
ﬁgure as low as possible, because this ﬁrst stage generally determines to a large extent the
noise performance of the whole system. The Low Noise Ampliﬁer allows one to combine a
low noise ﬁgure and a reasonable gain, as well as a good stability over the whole frequency
range of operation. This preampliﬁer is usually located as close as possible to the antenna
and is frequently fully integrated with it, giving rise to a true "active antenna". The second
ampliﬁer (LNA2) provides the ﬁnal power boost to the system.
Within the framework of our project, as we try to reduce the manufacturing costs of the
system, we will remove the ﬁlter and the second ampliﬁer LNA2, which we do not consider
essential for our design : the antenna will then be directly connected to the receiver through
a single ampliﬁer LNA1.
Moreover, we will propose for the LNA1 a simpliﬁed design whose block-scheme is
given in Figure 4.2. It is hoped that the impedance matching networks around the active
chip element can be easily fabricated with a very cheap and elementary printed substrate
technology.
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Figure 4.2: General conﬁguration selected for our ampliﬁer
The Figure 4.2 illustrates the general structure of the resulting design. It includes an
active device (in general a transistor), characterized by its S parameters and surrounded
on both sides by impedance matching networks. The analysis of this conﬁguration enables
us to determine the main parameters characterizing a low noise ampliﬁer : the gain, the
noise factor and the stability.
4.2.1 Linear characterization of low noise ampliﬁers [50]-[51]
We will provide the expressions for the main parameters that one must take into account
when designing low noise ampliﬁers.
Ampliﬁer gain
Transfer gain : The transfer gain or transductive gain is deﬁned as the ratio of the
power delivered to the load PL by the power available from the source PAV S :
GT =
1− |Γ2S|
|1− S11ΓS|2 |S21|
2 1− |Γ2L|
|1− ΓoutΓL|2 = G1G0G2 (4.2.1)
with :
G0 = |S21|2
141
CHAPTER 4. RF FRONT-END
G1 =
1− |Γ2S|
|1− S11ΓS|2
G2 =
1− |Γ2L|
|1− ΓoutΓL|2
Γout is the reﬂection coeﬃcient at the output of the quadripole when it is terminated
by an impedance ZS corresponding to the reﬂection coeﬃcient ΓS. These coeﬃcients are
given by :
Γin = S11 +
S12S21ΓL
1− S22ΓL (4.2.2)
Γout = S22 +
S12S21ΓS
1− S11ΓS (4.2.3)
Note :
If ZS = ZL = R0, then, GT = |S21|2.
Available gain : The available gain GA or associated gain is equal to the transductive
gain when the output of the quadripole is conjugate matched. It is obtained by setting
ΓL = Γ
∗
out in the equation (4.2.1).
GA =
1− |Γ2S|
|1− S11ΓS|2 |S21|
2 1
1− Γ2out
(4.2.4)
This gain reaches its maximum when the input and the output are simultaneously
matched. The maximum available gain (MAG) is then deﬁned by setting ΓL = Γ∗out and
ΓS = Γ
∗
in in the equation (4.2.1) :
MAG =
(1− |Γ2in|)|S21|2
|1− S11Γ∗in|2(1− Γ2out)
=
|S21|2(1− |Γ2in|)
(1− Γ2in)|1− S22Γ∗out|2
(4.2.5)
Note :
If ZS = R0, then Γin = 0 and the available gain becomes :
MAG =
|S21|2
|1− S22Γ∗out|2
(4.2.6)
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Stability of an ampliﬁer
The stability considered in this section corresponds to stability deﬁned in terms of the load
impedances (ZS and ZL =⇒ ΓS and ΓL). Actually, when connecting input and output
matching networks, one can sometimes create instability, in which case the ampliﬁer can
start to oscillate. It is therefore very important to determine whether the system is stable.
Deﬁnition : An ampliﬁer is called unconditionally stable when, for any source and load
impedances, the real parts of the input and output impedances of the ampliﬁer are greater
than zero at any given frequency. This requirement yields the following inequality condition
for the reﬂection coeﬃcients :
∀|ΓS| < 1 and ∀|ΓL| < 1, we have |Γin| < 1 and |Γout| < 1
On the other hand, an ampliﬁer is conditionally stable if :
∀|ΓS| < 1 and ∀|ΓL| < 1, we have |Γin| > 1 and |Γout| > 1
To deﬁne stability criteria, we consider the limit of stability deﬁned by |Γin| = 1 and
|Γout| = 1. After analysis :
• The locus of |Γin| = 1 is a circle, of centre OCL and of radius RL :
OCL =
(S22 −ΔS∗11)∗
|S22|2 − |Δ|2 (4.2.7)
RCL =
|S21||S12|
||S22|2 − |Δ|2| (4.2.8)
• The locus of |Γout| = 1 is a circle, of centre OCS and of radius RS :
OCS =
(S11 −ΔS∗22)∗
|S11|2 − |Δ|2 (4.2.9)
RCS =
|S21||S12|
||S11|2 − |Δ|2| (4.2.10)
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Figure 4.3: Stability zones for |S11| < 1
Figure 4.4: Stability zones for |S11| > 1
with Δ = S11S22 − S12S21
The stability range is thus deﬁned either inside or outside of these circles, which corre-
spond to the limit of stability.
The analysis of stability is done graphically by determining the stability circles for the
ampliﬁer input. We distinguish four cases, corresponding to two inequalities :
- |S11| < 1 : the zone containing the centre of the Smith chart is stable (Figure 4.3).
- |S11| > 1 : the zone containing the centre of the Smith chart is unstable (Figure 4.4).
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Analysis of unconditional stability : In the unconditionally stable operation of an
ampliﬁer, we want that all the interior of the Smith chart involve an unstable behaviour of
the quadripole (at input and at output).
The inequalities expressed above for unconditional stability can be written in terms of
the S parameters of the quadripole, using the Rollet factor K :
K =
1− |S11|2 − |S22|2 + |Δ|2
2|S12||S21| (4.2.11)
We can thus show that the necessary conditions to ensure the unconditional stability
of an ampliﬁer are :
|S11| < 1 |S22| < 1 K > 1
If these conditions are not satisﬁed, the ampliﬁer is conditionally stable and it becomes
then necessary to draw the stability circles.
Simultaneous input-output power matching
Generally, the power at the input of a system is determined by evaluating the eﬀects of the
connections. It is thus important to maximize the gain of the amplifying stage, in order to
minimize the number of stages of the amplifying chain. To do this, we must provide the
complex conjugate impedances Z1 = Z∗in and Z2 = Z∗out that must be connected at the
input and the output of the transistor in order to guarantee the maximum power transfer
from the source to the load. The simultaneous input-output matching is only possible if
the quadripole is unconditionally stable (K > 1). The transductive gain can be expressed
as :
GT =
|S21|
|S12|(K +
√
K2 − 1) (4.2.12)
If the quadripole is only conditionally stable, the maximum gain is obtained for values
of ΓSmax and ΓLmax which fall outside of the Smith chart, and thus cannot be realized with
passive components. It is then useless to try to obtain the maximum gain by combined
complex conjugate matching. Terminations of sources and loads allowing one to satisfy the
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conditional stability criterion will only give a gain lower than the maximum absolute gain.
We then deﬁne the circles with constant gain which allow to determine the places of the
points in the planes ΓS and ΓL for which the gains G1 and G2 are constant, locuses which
describe a circle of centre OS and of radius RS at the input and a circle of centre OL and
of radius RL at output :
RS =
√
1−G1(1− |S11|2)
1 + G1|S11|2 (4.2.13)
OS =
G1
1 + G1|S11|2S
∗
11 (4.2.14)
RL =
√
1−G2(1− |S22|2)
1 + G2|S22|2 (4.2.15)
OL =
G2
1 + G2|S22|2S
∗
22 (4.2.16)
Noise circles and noise matching
It is possible to minimize the noise contribution of a transistor by presenting at its input
a particular source impedance ΓS = Γopt. This is always possible if the transistor is un-
conditionally stable (K > 1). In this case, the output can be adapted in power by setting
ΓL = Γ
∗
out. In the case of a conditionally stable transistor, it is necessary for Γopt to be in a
stable area of the Smith chart. If this is not the case, it will be necessary to choose a value
for ΓS in the stable area, at the price of an increased noise factor.Then the output is power
matched by taking a load impedance located in the stable zone of the stability circle. The
place for which the noise factor F is constant corresponds to a circle of centre Cfb and of
radius Rfb :
Cfb =
Γopt
1 + N
(4.2.17)
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Rfb =
√
N2 + N(1− |Γopt|2)
1 + N
(4.2.18)
with :
N =
F − Fmin
4rn
|1 + Γopt|2
The layout of these circles makes it possible to quantify the degradation of the noise
factor when the reﬂection coeﬃcient presented at the input moves away from the optimum
load impedance. While designing a low noise ampliﬁer, it is sometimes necessary to ﬁnd
a compromise between the maximum gain and the minimum noise factor by locating the
intersection between constant noise circles and those with constant gain.
The importance of these formulas in LNA design
The design of an ampliﬁer at microwave frequencies is perfectly controlled by the theory
described in the previous paragraph. This theory gives to the designer a powerful tool
to have a control in all the stages of the design process and allows him to design with
ease the LNA taking into account all the encountered parameters. Nowadays, after a
preliminary design, commercial softwares can easily automatize any iterative optimization
process. In our case, instead of starting again all the calculations, our laboratory has a
commercial software, Ansoft Designer, which has a tool (Smith Tool) integrating all the
above calculations and is used to design input and output impedance adaptation network.
The above equations allow us to understand all the steps of the LNA design and can provide
a useful starting point. Then, we will use “Smith Tool” of the Ansoft Designer software to
design our LNA.
4.2.2 Realization of a low noise ampliﬁer at 1.478 GHz
Choice of the technology and the transistor
The size, the cost, and the reproducibility are key parameters in the selection of a tech-
nology. Here, we will choose a technology using discrete elements, taking into account its
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Figure 4.5: Transistor polarization circuit
moderate cost, its simplicity and the fact that components can be easily changed. Obvi-
ously, integrated circuits would provide further miniaturization and better performances
but are out of scope here. The ampliﬁer will be manufactured on FR4 epoxy dielectric, the
cheapest dielectric in microwave applications. The FR4 dielectric has high dielectric losses
but for our application these losses will not prevent us to achieve the noise ﬁgure required
by the Worldspace receiver. The FR4 losses will be taken into account while drawing the
noise circle and the circle with constant gain on the Smith chart (section 4.2.1)
The transistor selected for the design of the ampliﬁer is an ATF-35143, a PHEMT
(Pseudomorphic Hight Electron Mobility Transistor) type marketed by Agilent. This tran-
sistor, polarized at VDS = 3 V , IDS = 30 mA, VG = 0 V , VGS = −0.296 V is particularly
suitable for RF low cost applications [52].
Transistor polarization
The diagram of the polarization circuit is represented by Figure 4.5. The resistor values
are calculated by taking into account the desired drain current (IDS), the bias voltage (VDS)
and the source-gate voltage VGS (= −VS) in the following way :
RS =
VS
IDS
(4.2.19)
RD =
VDD − VDS − VS
IDS
(4.2.20)
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The RG resistor increases the stability of the ampliﬁer at low frequency. The two RS
resistors are connected in parallel, so that it is appropriate to take RS equal to the value
obtained in equation (4.2.19) multiplied by two.
Input-output impedance matching
Impedance matching is a very important step in the design of an ampliﬁer. It actually
allows to obtain the maximum power transfer and to improve the signal to noise ratio
by increasing the input signal level. This network behaves like an intermediate circuit
between two non identical impedances (section 4.2.1). The selection of a matching network
with smaller losses is always possible, as long as the impedance of the load is not purely
imaginary.
At ﬁrst, we will determine the transistor characteristics that intervene in the design of
the matching circuit at 1.478 GHz frequency. These parameters are summarized in the
Table 4.1
Table 4.1: Transistor ATF-35143 parameters
Frequency K Gamma Opt GA NF FMIN
1.478 GHz 0.303 0.652 + j 0.312 18.533 dB 0.691 dB 0.228 dB
The input and output impedance matching networks are made out of inductances and
capacitances. The design of the input matching network requires to draw the noise circle
and the available gain circle on the Smith chart in such a way as to have a point of tangency
between the two circles. The input matching network should provide a path from the point
of tangency to the Smith chart origin. This path to the Smith chart center provides us
the values of the input matching circuit Cin and Lin. The design of the output matching
network requires to use the conjugate point of the tangency point of the noise circle and
the available gain circle as starting point. The output matching network should provide a
path from the conjugate point of the tangency point to the Smith chart origin. This path
to the Smith chart center provides us the values of the output matching circuit Cout and
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Figure 4.6: Low Noise Ampliﬁer Diagram
Lout.
Then the use of the “Smith Tool” of the Ansoft Designer software gives us the values
of the components of the input matching circuit (Cin, Lin) and of the output matching
circuit (Cout, Lout). The resistances RG, RS and RD are designed only for polarization
purpose. Since in the ampliﬁer circuit there are continuous and variable signals, these
resistances bring only their contribution in presence of continuous signals. The capacitors
CG, CS, CD, and CDC are decoupling capacitors : they short-circuit the variable signal
to the ground. The normalized values of all these components are shown on the ampliﬁer
diagram (Figure 4.6).
The image of our ampliﬁer is represented by the Figure 4.7. We can see, if we compare
it with a standard design used in professional applications (Figure 4.8), that we keep only
the essential block. Despite the big reduction in complexity our ampliﬁer is able to meet
the required speciﬁcations as shown in the next paragraph.
Measurement results
After ﬁnishing the design and building the ampliﬁer, we measured and compared the mea-
sured values with the data obtained from simulations (Figure 4.9 - Figure 4.11). We
notice a diﬀerence between the measured and the simulated values. In the measured noise
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Figure 4.7: The Low Noise Ampliﬁer
Figure 4.8: The standard Low Noise Ampliﬁer
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Figure 4.9: Measured and simulated S21 parameter of the ampliﬁer
ﬁgure curve we have some dubious values. However, we note that the curves resulting from
simulation and measurements behave in a similar manner. According to the measurements,
we have a noise ﬁgure of 0.975 dB, lower than that ﬁxed for the Worldspace receiver and
a gain of 15.39 dB larger than the value previously mentioned for the same receiver.
This ﬁrst design method wasn’t considered satisfactory as it leads to a too large dif-
ference between predicted and measured values. Therefore, we performed a new iteration,
using a second method expected to alleviate the problem. On the ﬁrst hand we have used
more reliable parameters for the transistor description. On the other hand a more rigorous
mathematical procedure has been adopted to cope with the weaknesses of the previous
model. The new approach aims to detemine the tangent point of the circle of constant gain
G1 and the circle of constant noise factor F which correspond to ΓS. We used the following
data from the data sheet of the transistor at the frequency f = 1.478 GHz :
• S11 = 0.4367− j ∗ 0.7661
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Figure 4.10: Simulated Noise Figure parameter of the ampliﬁer
Figure 4.11: Measured Noise Figure parameter of the ampliﬁer
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Figure 4.12: Input and Output matching circuits
• S12 = 0.0311 + j ∗ 0.0434
• S21 = −4.8422 + j ∗ 5.6613
• S22 = 0.3581− j ∗ 0.3061
• Fmin = 0.2278 dB
• Γopt = 0.6516 + j ∗ 0.3122
• rn = 0.1602
Then we used G1 = 1.68 dB, F = 0.23 dB and equations (4.2.13), (4.2.14), (4.2.17), (4.2.17)
to determine the value of ΓS : ΓS = 0.1980 − j ∗ 0.2643. This value of ΓS corresponds to
YS = 0.0118 + j ∗ 0.0070. Afterwards, we used equation (4.2.3) to determine the value of
ΓL :
ΓL = Γ
∗
out = S
∗
22 +
S∗12S
∗
21Γ
∗
S
1− S∗11Γ∗S
This equation gives us the value of ΓL : ΓL = 0.3037 + j ∗ 0.2053 which corresponds to
YL = 0.0099− j ∗ 0.0047.
According to Figure 4.12 we have :
YS = GS + jBS = −jB1 + 1
50− jX1 =
50
502 + X21
+ j
[
X1
502 + X21
−B1
]
(4.2.21)
and
YL = GL + jBL = −jB2 + 1
50− jX2 =
50
502 + X22
+ j
[
X2
502 + X22
−B2
]
(4.2.22)
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with :
X1 =
1
C1ω
X2 =
1
C2ω
B1 =
1
L1ω
B2 =
1
L2ω
From equations (4.2.21) and (4.2.22) we have the following expressions :
X1 =
√
50
(
1
GS
− 50
)
(4.2.23)
B1 =
√
GS
(
1
50
−GS
)
−BS (4.2.24)
X2 =
√
50
(
1
GL
− 50
)
(4.2.25)
B2 =
√
GL
(
1
50
−GL
)
−BL (4.2.26)
Using the frequency f = 1.478 GHz we can calculate the values of L1, C1, L2 and C2 :
L1 = 39 nH
C1 = 2.7 pF
L2 = 7.5 nH
C2 = 2.2 pF
We manufactured a LNA with these values and then compared the simulated and mea-
sured values (Figure 4.13 - Figure 4.15). We realized that the results are better than
the previous ones and we notice that these values are very close to each other. We can
conclude that to have a good agreement between simulation and measurement, we must use
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Figure 4.13: Measured and simulated S21 parameter of the ampliﬁer (second method)
the parameters given in the data sheet of the transistor and then use rigorous equations to
calculate the matching network components values. This put simulated gain values at just
1 dB diﬀerence (14.3 dB instead of 15.3 dB) from measured values (Figure 4.13). If for
some applications still more precision is needed, we must measure the characteristics values
given in the data sheet of the transistor, calculate the values of capacitors and inductors
and then use their equivalent circuits for simulation.
Deﬁnitely, the results obtained for the ampliﬁer are satisfactory for our application. We
can now connect the ampliﬁer to the antenna and test the reception of actual Worldspace
satellite radio signals.
4.3 Worldspace satellite receiver system (LNA+Antenna)
We will now associate the ampliﬁer designed in the previous section with our antenna de-
signed in Chapter 3 : we will call the resulting device the Strip Wood Slot Wood Patch
(SWOSWOP) antenna. Our SWOSWOP device should play the role of active antenna
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(LNA+ANTENNA)
Figure 4.14: Simulated Noise Figure parameter of the ampliﬁer (second method)
Figure 4.15: Measured Noise Figure parameter of the ampliﬁer (second method)
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Figure 4.16: Worldspace receiver station
in the Worldspace radio station. The block diagram of the system is represented by
Figure 4.16.
In Chapter 3 we selected two type of antennas : the Balsa antenna and the Ayous-Balsa
antenna. The integration of the low noise ampliﬁer which includes the voltage regulator
will be diﬀerent from one antenna to the other :
• in the case of Balsa antenna the LNA will be directly printed with the feed line of
the antenna (Figure 4.17);
• in the case of Ayous-Balsa antenna the LNA will be printed and then joined with the
antenna ground plane by using a conducting glue (Figure 4.18).
The power supply of the ampliﬁer needed to activate the voltage regulator and to bias
the transistor will be provided by a solar cell, which will be connected to the voltage
regulator by a pair of wire. The output of the ampliﬁer will be connected to the DAB
receiver by a RG 174 coaxial cable. The connection between the coaxial cable and the
receiver will be done with a male F connector.
The cable RG 174 has a characteristic impedance of 50 ohms and an attenuation of
28 dB per 100 m at the frequency of 1.478 GHz. Since we will not need a line longer
158
4.3. WORLDSPACE SATELLITE RECEIVER SYSTEM
(LNA+ANTENNA)
Figure 4.17: The LNA printed with the feed line
Figure 4.18: The LNA glue on the ground plane
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Figure 4.19: Balsa antenna
than 5 m to connect our antenna, the maximum attenuation will be 1.5 dB. However, the
calculations of the Worldspace antenna characteristics took into account an attenuation
of 5 dB in the feed cable. In addition, we notice that the coaxial wire speciﬁcations are
compatible with those of Worldspace receiver.
As the problem of compatibility is solved, we carried out receiving tests of Worldspace
radios. We successfully received at least all Worldspace radio stations from Afristar satellite
with the Balsa antenna (Figure 4.19) and with the Ayous-Balsa antenna (Figure 4.20).
The image of the complete receiver system is given in the (Figure 4.21. In this ﬁgure
we see the solar cell providing the power supply to the active Ayous-Balsa antenna. This
power supply is needed to bias the transistor of the LNA. The active Ayous-Balsa antenna
is connected to Tongshi Worldspace receiver which is directly connected to the computer.
The receiver system set is in receiving mode. We can see on the computer the list of
received radio stations. This receiving test proves once more that our original idea to
receive satellite signals using aluminium-wood antenna and a simpliﬁed LNA is possible.
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(LNA+ANTENNA)
Figure 4.20: Ayous-Balsa antenna
Figure 4.21: Worldspace signals’ receiver system
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4.4 Conclusion
To build and demonstrate a receiver matching the goals of this thesis, we required a RF
front-end with at least the antenna and a Low Noise Ampliﬁer (LNA). For this purpose, we
designed an LNA that transformed our antenna into the equivalent of an active antenna.
For our application, we didn’t need a high quality LNA with stringent requirements, but we
needed an ampliﬁer having a gain of 14.84 dB and a noise ﬁgure of 1.8 dB. We attempted
to design such an ampliﬁer using the relevant theory and the "Smith tool" of the Ansoft
Designer software. This tool gave us directly the needed values for the components of the
input and output matching circuit. We didn’t look deeply into the validity of the simulation
but used then as guidelines giving us conﬁdence in the worthiness of building and measuring
a given topology of the ampliﬁer. The measured values for the designed LNA were 0.975 dB
for the Noise Figure and a gain of 15.39 dB. These values ﬁt the Worldspace speciﬁcations
and were adequate for our application. In a further step we connected the aluminium-
wood antenna to the LNA and launched the reception tests of Worldspace satellite signals.
We obtained successful results from these tests, which conﬁrmed that the combination of
the simpliﬁed LNA and the aluminium-wood antenna functioned perfectly : that was the
proof of the feasibility of our original idea - to use local materials and a simple process to
manufacture antennas of the microstrip type. This was the ﬁrst time in antenna design
that an antenna was manufactured with wood as substrate and aluminium as conducting
element : this antenna would be called Strip Wood Slot Wood Patch antenna (SWOSWOP).
The RF front-end designed here was simple and inexpensive. This simpliﬁed RF front-end
could be manufactured locally and easily, with little speciﬁc training.
The next step will be to use this system to transmit scientiﬁc information. To achieve
this goal, we need to start by producing the information to be transmitted. We have
designed the ﬁrst block of a remote course to teach antenna theory. This task will be
described in the next chapter.
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Chapter 5
REMOTE COURSE ON ANTENNA
TEACHING
5.1 Introduction
The second purpose of our project is to develop a remote course for the teaching of antenna
theory, which would ensure the durability and the dissemination of the obtained results,
and would provide an invaluable tool for teaching and training.
Currently, the literature shows quite a few antenna courses, as it can be easily checked
by a fast search in the web. Universities oﬀer online courses which include antennas courses
[53] - [58]. As we notice, most universities are located in English speaking area : almost
all these courses are in English language. We can also notice that few of them include
simulations in their online courses. However, to access these courses one must be student
of these universities or must pay for these courses. There are also some books written
for teaching enhance purposes based especially on Matlab and including a CD-Rom which
contained Matlab tutorials and codes [60]. These books are excellent tools for teaching
but for obvious commercial reasons their content is not available on the net and then not
accessible to any student.
There are also some professional companies which are specialized in on designing and
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selling teaching antenna equipments [61] - [63]. They propose antenna courses which intro-
duce ﬁrst the basic function and applications of antenna and then build the functioning of
special antenna and antenna systems. The antenna training system is a "Blended Learn-
ing" system of teaching. Practical exercises using real techniques, are combined with the
theoretical studies in one system. The entire range of test instruments required is also part
of the system and there is no requirement for any separate individual test instruments.
For instance, by selection of the frequencies available in the range of 8 to 10 GHz, several
workplaces can be operated close to each other without any danger of interference. These
companies propose also course in microwave techniques. The basic idea of the microwave
techniques training system is to teach the fundamental principles of high-frequency tech-
nology in practical exercises. In the basic package, emphasis is given to wave propagation
in waveguide and in free space. Various materials are examined for their properties of prop-
agation and their attenuation. Also, the fundamentals are established for understanding
the function of various waveguide components for controlling the ﬂow of energy. The basic
system consists of a collection of various waveguide components for use in the X-band, that
are ﬁxed together. Measurements in the basic system are made using an oscilloscope or a
computer-aided measurement system [61] - [63].
Our aim is to propose a free teaching course accessible by all the students for French
speaking areas and to use a convivial graphic user interface to make this course more
attractive.
The system designed to receive Worldspace satellite signals will be used to download
scientiﬁc information from the North universities and to exchange information between
local countries. An excellent example of the scientiﬁc information that can be transmitted
by these systems is the "on-line course" (also known as e-course) that can be partially
interactive and partially based on the Internet resources. From the satellite transmission
point of view this is also a very convincing test. If properly designed, such a course
can be readily included in the available bandwidth of satellite channels and requires a
minimum of reactivity and the capacity of working in real-time from the system. Moreover,
developing these courses presents a joint interest in the case of the Yaounde and Lausanne
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partners, which are both modernizing their teaching approaches. Therefore, this activity
was included as a deliverable item in the joint Swiss-Cameroon proposal that has been at
the root of this thesis. The development of remote courses began in the partner laboratory
from Cameroon since 1993 [64] - [66]. Our work will be thus a complement of what exists
already in order to improve the education system in South countries.
Before this thesis, the two partner laboratories at Lausanne and Yaounde had developed
teaching tools in a MatLab environment that could only be used in a non-interactive "ex
cathedra" way, where the teacher illustrates his course in front of an essentially passive au-
ditorium [67], [68]. To make this process more interactive, and also to access a much wider
number of students, we are proposing to use the nowadays well developed web-based tools
for e-learning [69], [70]. Also, although in the original version the demonstration tools were
available only to students who registered for the course, a more widely available system
including a password can be easily implemented. The Matlab package was selected for our
codes because of the well known inherent Matlab facilities : conviviality, simplicity, ease
of programming, impressive graphical interfaces. But in addition Matlab has now stan-
dardized its Matlab Web Server, making it the best choice to make codes widely available
and to maintain them easily. Therefore, we chose the simplest conﬁguration with a Web
browser running on the client’s workstation, while Matlab, the Matlab Web Server (mat-
labserver), and the Web server daemon (httpd) run on another external machine [72]. This
way, the end user only needs the most basic computer facilities, nowadays available almost
everywhere in the world. More precisely, we have created the HTML documents to collect
the input data from users and to display output with PHP codes [73], [74]. In addition to
the Matlab codes, we use a data base server linking to an Access data base, which will be
used by the Matlab programs. Keeping an inner consistence with the strategy of the ﬁrst
part of this thesis, the bandwidth required by this strategy is really small and with a basic
personal computer (PC) and the simple receiver developed in the ﬁrst part, the user will
not be excessively disturbed. Although not the simplest possible, this strategy reduces to
a minimum the hardware and software complexity required from the end user (client) and
puts all the computational burden on the remote server. All these programs are run only
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inside of the university and are transparent for the end user. As mentioned, outside of the
root university a password attributed by the teacher responsible for the course will permit
students to access them.
In addition and after a few discussions, French has been used as working language. In
general, e-learning tools are less common in French and it is believed that this choice will
be helpful for all French speaking countries, starting with the universities that are partners
in this project. In the next section we will describe the functioning of the website and we
conclude with some speciﬁc examples that have been speciﬁcally created for this thesis.
5.2 On mathematical developments and programming
structures
In several cases, these software tools have called for new and original developments in the
area of computational electromagnetism. In these cases, for the sake of completeness and
future reference, all the mathematical developments have been included in this thesis. This
is important for those who would like to upgrade, evolve and improve upon our codes.
However, it must be recalled that all the mathematics is fully transparent to the user, who
only sees the input/output graphical interfaces. The same thing can be said about the
functional description of the web site including the description of the ﬁles and classes being
used. Essential for the webmaster and the future developers, these aspects of our work will
remain fully hidden from average user.
5.3 e-Antenna web site
In our web site architecture (Figure 5.1) we have two components : the web server and
the customer. On the customer’s web browser, the student can access the teacher’s slides
used for the course. Before a student accesses this course, he must be registered as an
EPFL student. After logging in (name and password) he can view the course, provided
in pdf format. On the other hand, no password is required to enter input parameters and
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Figure 5.1: e-Antenna architecture
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then launch the Matlab server. After a while, and depending on which operations are being
performed, the server sends to the client’s browser the resulting ﬁles and graphs, the output
parameters of the Matlab execution of the ﬁles.
Schematically the web server collects the data from input parameters via the HTTP
daemon and calls the matweb ﬁle. The matweb ﬁle will then call the matlabserver ﬁle
and transfer the data to the Matlab ﬁle, which will be executed, and will save the results
as ﬁgures and ﬁles. The matlabserver collects data from an access data base, chooses the
appropriate Matlab ﬁle to perform the operation, saves the results and puts them in a
HTML ﬁle. The web server sends the HTML ﬁle to the clients browser. The results come
in another web page ﬁle, diﬀerent from the ﬁrst one. In order to put all data in the same
ﬁle, the user has to click on the button "Show the Graphs" to be able to evaluate the graphs
and the results saved in the ﬁles.
5.3.1 Functional description of the web site
The entire web site is built around one ﬁle (index.php), which can call many subroutines
to execute the tasks. The web site is divided into directories :
• The main directory lists several ﬁles and folders. Each folder represents a chapter.
• In each chapter’s directory we have a simulation directory, the teacher’s course direc-
tory and the HTML ﬁles and ﬁgures related to the chapter.
• In each simulation directory, we have a Matlab directory and the HTML ﬁle and
ﬁgures related to the simulation.
• In the Matlab directory we have the Matlab program and the input and output
directories.
In the simulation folder, the PHP program will create a session directory, which contains
the sessions’ number and the users’ directories. The directory of each session’s number has
a copy of the Matlab directory contents. All the input and output data obtained during
simulations are stored in the input and output directories, which are located in the sessions’
number directories. Every output parameter of the simulation is saved in a diﬀerent folder,
located in the output directory. The simulation output parameters are all not directly
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accessible to users. Later on, if a user needs to access output parameters, he must save the
data in his folder after logging in. So, the users’ directories only contain historical data.
To make all the process work properly, some basic rules must be observed when writing
the main.m ﬁle and the Matlab main program related to the simulation to be conducted.
The main.m ﬁle contains the input parameters that will be used for the input parameter
menu, and the main matlab ﬁle must collect the data from the HTML web page. The ﬂow
chart (Figure 5.2) shows globally how the web site works when a user is connected. This
web site is directly accessible only when inside of the university. Outside of the university,
you will need a password, which will be given by the teacher responsible of the course. To
access the teacher’s slides, you need to be a student registered at the root university.
5.3.2 Description of the ﬁles
index.php
This ﬁle is the main ﬁle around which all the web site is build. It calls the lots of subroutines
that are located in other ﬁles. At the beginning these ﬁles are loaded in order to use their
subroutines.
phpantenne.conﬁg
This ﬁle is a conﬁguration ﬁle. It provides the main program with the name of directories
and ﬁles, and then permits better navigation through the web site architecture.
php-nav-classes.php
This ﬁle contains two subroutines :
• the ﬁrst one is the function read_file_tree($root). This function reads the main
web site directory, collects the names of all the directories and sub-directories and
writes the course menu. The main directory contains directories that provide the
name of chapters. Each chapter directory has subdirectories devoted to simulations.
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Figure 5.2: e-Antenna ﬂow chart
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• the second one is the function draw_secrets(). This function will check whether
the user is logged in. When the user is logged in, then a link to the pdf course will
appear on the web page, otherwise there will be no link to the related course.
php-antenne-layout-classes.php
This ﬁle contains diﬀerent classes :
• the class header : this class will draw the header of the web page.
• the class banner : this class will draw the EPFL and the laboratory banners.
• the class footer : this class will draw the footer of the web page.
• the class text : this class will draw all the text which appears on the web page.
• the class bottom : this class will draw the date of the last update of the text ﬁle.
• the classes left_menu, right_menu, main, box are classes for the web page settings.
php-matlab-classes.php
This ﬁle contains diﬀerent functions :
• the function handle_session() : This function will check whether the ﬁle main.m
exists. If this ﬁle exists, it will create a session directory if there isn’t one as yet. In
the session directory, it will create a session number directory and will copy in this
directory all the contents of the matlab directory.
• the function draw_output($object) : This function will collect the matlab results
saved in the image ﬁles and the text ﬁles and put them on the web site.
• the function paint_input($objects) : this function will create the input parameters
menu.
• the function send_input($objects) : this function will serialize the input parame-
ters. The serialized format is suitable for data exchange.
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• the function translator($file) : this function will copy all the input parameters
values saved in main.m ﬁle and put them in input parameters.
matweb.conf
This conﬁguration ﬁle must be located in the cgi-bin directory. In the same directory the
ﬁle matweb.exe must be copied too. In the conﬁguration ﬁle we have the name without
the matlab extension of all the matlab ﬁles that are called by the web page. The structure
of this ﬁle is as follows :
[ﬁlename1]
mlserver = "server name" or "server address"
mldir = "the directory path where the ﬁle ﬁlename1.m is located"
[ﬁlename2]
mlserver = "server name" or "server address"
mldir = "the directory path where the ﬁle ﬁlename2.m is located"
[ﬁlenameN]
mlserver = "server name" or "server address"
mldir = "the directory path where the ﬁle ﬁlenameN.m is located"
5.3.3 Description of the simulation
We describe here how simulations generally operate on this web site. After the user has
launched the antenna remote course, he will see the main page (Figure 5.3) appear on his
browser. Then he can proceed : the user can be logged in or not. Depending on these two
ways, the web site will react diﬀerently.
First of all we will consider the situation where the user is not logged in. When clicking
on any chapter, he can only see the simulation (Figure 5.4). Afterwards, he can click on
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Figure 5.3: e-Antenna main page
Figure 5.4: Chapter’s web page when the user is not logged in
the simulation and get the web page of Figure 5.5. When clicking on "Execute Matlab"
the web server will launch the execution of matlab ﬁle. At the end of this operation, the
user can click on "Show the graph". Then he will see the result of his simulation. For
instance, in Figure 5.6 we show the result of using one of the simulations ("Diagrmme")
which will be fully described in the next section.
Consider now that the user uses his EPFL log name and password. When clicking on
the chapter, he can see the simulation and the PDF course (Figure 5.7). He can read the
course by clicking on it, or he can carry the simulation by clicking on the simulation item.
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Figure 5.5: Simulation’s web page when the user is not logged in
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Figure 5.6: Simulation results on the web page when the user is not logged in
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Figure 5.7: Chapter’s web page when the user is logged in
If he clicks on the simulation item, the web page will be the same one as the web page on
Figure 5.5. Then when clicking on "Execute Matlab" and, after a while, on "Show the
graph" he will see his simulation results (Figure 5.8). Here he can save his results in his
own folder by clicking on "Save this test". After clicking on this button, the history
menu will appear on the web site (Figure 5.9). The saved simulation can be seen at any
time the user wants.
5.4 Some examples of available simulations
While the number of possible Matlab programs that can be used in a basic antenna course
is particularly boundless, we will just illustrate here a reduced set especially selected be-
cause it allows one to better understand our proposed philosophy. However it must be
pointed out that the e-antenna website described in section 5.2 is fairly independent on
the speciﬁc mathematical or numerical problem we are considering. Thus almost every
practical problem of antenna theory can be treated within this framework and indeed new
softwares are currently and ceaselessly being added. One of the most classical problems in
antenna theory is provided by the wire antenna. We design here an "open" strategy course-
ware (Figure 5.10) since the user can introduce numerical values or his own numerical
values stored in ﬁles as input parameters. By practicing himself the operations at each
stage of the simulation process he can verify his understanding of the course. Among all
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Figure 5.8: Simulation results on the web page when the user is logged in
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Figure 5.9: Simulation results with the history menu on the web page when the user is
logged in
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the simulations we will describe in this thesis three of them to highlight our philosophy.
These simulations are :
• "TheorieDesLignes" which uses transmission line model to calculate the current dis-
tributions on a wire antenna.
• "MoM" which uses method of moment to calculate the current distributions on a wire
antenna.
• "Diagramme" which uses the theoretical or numerical expression of the ﬁelds to cal-
culate and draw some antenna characteristics.
These simulations are used here only for educational, but not for design purposes. Thus
the rigorous mathematical developments and algorithm precisions would be out of scope
here. Instead of using rigorous mathematical expressions, we choose a best conviviality
and great simplicity usage of the simulations in order to put the user at ease in antenna
course learning.
5.4.1 Currents in wire antennas with a TL model
The purpose of this simulation is to calculate the distribution of current along a thin wire
antenna by using transmission line (TL) theory. In particular the TL model gives accurate
results for straight or slightly bent wires solving a bilateral symmetry with a generator in
it. A reasonable approximation to ﬁnd the current in a wire antenna of length D = 2d
excited at its center, is to approach it with a transmission line with a length which is half
of that of the antenna (d = D/2). The line is excited by a Thevenin voltage generator Vg
with an internal complex impedance Zg, and charged with a complex termination ZL. On
the basis of the expressions of current and voltage in transmission line theory on which we
rely, we can calculate the expression of the current, the voltage, the reﬂection coeﬃcient,
the impedance at any point of the transmission line :
ρ(z) = ρLe
j2β(z−d) (5.4.1)
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Figure 5.10: Open strategy courseware
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v(z) = 0.5Vg
1− ρg
1− ρgρLe−j2βd e
−jβz(1 + ρ(z)) (5.4.2)
I(z) = 0.5
Vg
Zc
1− ρg
1− ρgρLe−j2βd e
−jβz (1− ρ(z)) (5.4.3)
Z(z) = Zc
1 + ρ(z)
1− ρ(z) (5.4.4)
As input parameters we have :
• N : the transmission line is divided into several segments. N is the total number of
segments.
• Zc : the characteristic impedance of the transmission line.
• vphi : the phase velocity of the signal in the transmission line.
• d : the length of the transmission line.
• f : frequency of the signal.
• Ug : voltage of Thevenin generator.
• Zg : internal impedance of the Thevenin generator.
• ZL : load impedance.
For the internal impedance of the Thevenin generator and the load impedance, the infor-
mation can be entered in two ways :
• the canonic form : in this form we enter the real and imaginary part of the impedance
value.
• the exponential form : in this form we enter the amplitude and the phase in degrees
of the impedance value.
For instance, if we enter :
• N = 100
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Figure 5.11: Transmission line theory on the web page
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• Zc = 1 Ω
• vphi = 3 108 m/s
• d = 0.25 m
• f = 3 109 Hz
• Ug = 1 V
• Zg = 1 + j0 Ω
• ZL = realmax + j0 Ω
as input values, we will obtain the results shown on Figure 5.12.
5.4.2 Method of moments
The method of moments is a numerical technique used to model antennas, which deter-
mines the current distribution on the radiating elements and highlights the inﬂuence of
the geometry and the geometric disposition of these elements on the characteristics of an
antenna. The antennas we are going to study here are wire antennas having any kind of
shape, where wires have a negligible radius and width, as compared to the wavelength of
the signal.
Discretization
Before discretizing our antenna, we must ﬁrst determine whether there are corners in the
geometry of the antenna. If there are corners, each corner must be located at the beginning
or at the end of a segment. Once all the corners have been considered, we can discretize
our antenna and determine the coordinates of each segment. When all the elements have
been discretized, we can have diﬀerent forms of segments for the same antenna, which are
summarized in Figure 5.13. The coordinates of each segment will be the following ones :
• the points on the axis of symmetry will have xn, yn and zn as coordinates.
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Figure 5.12: Example of transmission line theory simulation
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Figure 5.13: Segment forms
• the points on the surface of the wire (in the case of a cylindrical wire) or at the edge
of the wire (in the case of a rectangular parallelepipedic wire) will have xm, ym and
zm as coordinates.
The beginning and the end of a segment will be distinguished by adding the sign (-) for
the beginning of a segment (xn−, yn− and zn−) and the sign (+) for the end of a segment
(xn+, yn+ and zn+). An example is shown on Figure 5.14.
Basis functions
As basis functions for the approximation, we will use rooftop functions, as shown in
Figure 5.15
Matrix solution
The method of moments was developed by Harrington [75]. From its development, we can
calculate the impedance matrix by using the equation :
Zmn = jωμΔlnΔlmψ(n,m)+
1
jωε
[
ψ(n+,m+)− ψ(n−,m+)− ψ(n+,m−) + ψ(n−,m−)]
(5.4.5)
with :
ψ(n,m) =
1
Δln
∫
Δln
e−jkRm
4πRm
(5.4.6)
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Figure 5.14: Segment coordinates
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Figure 5.15: Basis function
Rm =
√
(xn − xm)2 + (yn − ym)2 + (zn − zm)2 (5.4.7)
Δln =
√
(xn+ − xn−)2 + (yn+ − yn−)2 + (zn+ − zn−)2 (5.4.8)
Δlm =
√
(xm+ − xm−)2 + (ym+ − ym−)2 + (zm+ − zm−)2 (5.4.9)
To calculate the impedance matrix, we deﬁne on each segment a local coordinate system
with its origin at the center of the segment and as (o, z) axis the symmetrical axis of the
segment as shown by Figure 5.16. The resulting expression for ψ(m,n) is :
ψ(m,n) =
1
8πα
∫ +α
−α
e−jkRm
Rm
dz (5.4.10)
with :
Rm =
√
x2m + y
2
m + (z − zm)2 (5.4.11)
2α = Δln (5.4.12)
To approximate the value of ψ(m,n) ,we propose to expand the function to be integrated
over a MacLaurin series, including only the terms until order 4. In order to accelerate the
convergence of the function to be integrated, we will consider two cases :
189
CHAPTER 5. REMOTE COURSE ON ANTENNA TEACHING
Figure 5.16: Geometry for the calculation of ψ(m,n)
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1. r < 10α;
2. r ≥ 10α.
with :
r =
√
x2m + y
2
m + z
2
m (5.4.13)
FIRST CASE :
In the ﬁrst case we will only express the exponential as a MacLaurin series until order
4. In recall we know that :
ex = 1 + x +
x2
2
+
x3
6
+
x4
24
+ ........ (5.4.14)
Knowing that :
e−jkRm = e−jkre−jk(Rm−r) (5.4.15)
and by setting x = −jk(Rm − r) we have :
e−jk(Rm−r) = 1− jk(Rm − r)− k
2(Rm − r)2
2
+ j
k3(Rm − r)3
6
+
k4(Rm − r)4
24
(5.4.16)
The equation (5.4.10) becomes :
ψ(m,n) =
e−jkr
8πα
∫ +α
−α
(
1
Rm
− jk(Rm − r)
Rm
− k
2(Rm − r)2
2Rm
+j
k3(Rm − r)3
6Rm
+
k4(Rm − r)4
24Rm
)
dz (5.4.17)
To calculate this integral, we will divide it into several parts :
I1 =
∫ +α
−α
dz
Rm
=
[
− ln(zm − z +
√
x2m + y
2
m + (zm − z)2)
]+α
−α
= ln
(
zm + α +
√
x2m + y
2
m + (zm + α)
2
zm − α +
√
x2m + y
2
m + (zm − α)2
)
(5.4.18)
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I2 =
∫ +α
−α
−jk(Rm − r)
Rm
dz =
∫ +α
−α
(
−jk + jkr
Rm
)
dz
= −jk(2α− rI1) (5.4.19)
I3 =
∫ +α
−α
Rmdz =
[
−(zm − z)
2
√
x2m + y
2
m + (zm − z)2
−x
2
m + y
2
m
2
ln(zm − z +
√
x2m + y
2
m + (zm − z)2)
]+α
−α
=
α + zm
2
√
x2m + y
2
m + (α + zm)
2 +
α− zm
2
√
x2m + y
2
m + (α− zm)2
+
x2m + y
2
m
2
I1 (5.4.20)
I4 =
∫ +α
−α
−k
2(Rm − r)2
2Rm
dz = −k
2
2
∫ +α
−α
(
Rm − 2r + r
2
Rm
)
dz
= −k
2
2
(
I3 − 4rα + r2I1
)
(5.4.21)
I5 =
∫ +α
−α
R2mdz =
∫ +α
−α
(
x2m + y
2
m + (zm − z)2
)
dz
=
[
(x2m + y
2
m)z −
1
3
(zm − z)3
]+α
−α
= 2α(x2m + y
2
m) +
2α3 + 6αz2m
3
(5.4.22)
I6 =
∫ +α
−α
j
k3(Rm − r)3
6Rm
dz = j
k3
6
∫ +α
−α
(
R2m − 3rRm + 3r2 −
r3
Rm
)
dz
= j
k3
6
(
I5 − 3rI3 + 6αr2 − r3I1
)
(5.4.23)
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I7 =
∫ +α
−α
R3mdz
=
[
−1
8
√
x2m + y
2
m + (zm − z)2
(
5(x2m + y
2
m) + 2(zm − z)2
)
(zm − z)
−3
8
(x2m + y
2
m)
2 ln(zm − z +
√
x2m + y
2
m + (zm − z)2)
]+α
−α
=
3
8
(x2m + y
2
m)
2I1
+
√
x2m + y
2
m + (α + zm)
2
(
5
8
(x2m + y
2
m)(α + zm) +
1
4
(α + zm)
3
)
+
√
x2m + y
2
m + (α− zm)2
(
5
8
(x2m + y
2
m)(α− zm) +
1
4
(α− zm)3
)
(5.4.24)
I8 =
∫ +α
−α
k4(Rm − r)4
24Rm
dz
=
k4
24
∫ +α
−α
(
R3m − 4rR2m + 6r2Rm − 4r3 +
r4
Rm
)
dz
=
k4
24
(
I7 − 4rI5 + 6r2I3 − 8αr3 + r4I1
)
(5.4.25)
And ﬁnally we have :
ψ(m,n) =
e−jkr
8πα
(I1 + I2 + I4 + I6 + I8) (5.4.26)
SECOND CASE :
In this second case, we will develop the complete function over a MacLaurin series :
ψ(m,n) =
1
8πα
∫ +α
−α
(
f(0) + f
′
(0)z +
1
2!
f
′′
(0)z2 +
1
3!
f (3)(0)z3 +
1
4!
f (4)(0)z4
)
dz (5.4.27)
where :
f(z) =
e−jk
√
x2m+y
2
m+(zm−z)2√
x2m + y
2
m + (zm − z)2
After calculation we have the following expressions :
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f(z) =
e−jkRm
Rm
(5.4.28)
f
′
(z) =
(zm − z)e−jkRm
R2m
(
jk +
1
Rm
)
(5.4.29)
f
′′
(z) =
e−jkRm
Rm
[(
1
R2m
+ j
k
Rm
)(
−1 + 3
[
zm − z
Rm
]2)
−k2
(
zm − z
Rm
)2]
(5.4.30)
f (3)(z) =
e−jkRm
Rm
[
3(zm − z)
R3m
(
1
Rm
+ jk
)(
−3 + 5
[
zm − z
Rm
]2)
+
3k2(zm − z)
R2m
(
1− 2
[
zm − z
Rm
]2)
− jk3
(
zm − z
Rm
)3]
(5.4.31)
f (4)(z) =
e−jkRm
Rm
[
3
R3m
(
1
Rm
+ jk
)
·
(
3− 30
[
zm − z
Rm
]2
+ 35
[
zm − z
Rm
]4)
+
3k2
R2m
(
−1 + 12
[
zm − z
Rm
]2
− 15
[
zm − z
Rm
]4)
+j
2k3(zm − z)2
R3m
(
3− 5
[
zm − z
Rm
]2)
+ k4
(
zm − z
Rm
)4]
(5.4.32)
Equation (5.4.27) becomes :
ψ(m,n) =
1
8πα
(
2αf(0) +
α3
3
f
′′
(0) +
α5
60
f (4)(0)
)
(5.4.33)
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where :
f(0) =
e−jkr
r
(5.4.34)
f
′′
(0) =
e−jkr
r
[
1
r
(
1
r
+ jk
)(
−1 + 3
[zm
r
]2)
− k2
(zm
r
)2]
(5.4.35)
f (4)(0) =
e−jkr
r
[
3
r3
(
1
r
+ jk
)(
3− 30
[zm
r
]2
+ 35
[zm
r
]4)
+
3k2
r2
(
−1 + 12
[zm
r
]2
− 15
[zm
r
]4)
+j
2k3z2m
r3
(
3− 5
[zm
r
]2)
+ k4
(zm
r
)4]
(5.4.36)
This gives us the following ﬁnal form :
ψ(m,n) =
e−jkr
4πr
(
g(0) +
α2
6
g
′′
(0) +
α4
120
g(4)(0)
)
(5.4.37)
with :
g(0) = 1 (5.4.38)
g
′′
(0) =
1
r
(
1
r
+ jk
)(
−1 + 3
[zm
r
]2)
− k2
(zm
r
)2
(5.4.39)
g(4)(0) =
3
r3
(
1
r
+ jk
)(
3− 30
[zm
r
]2
+ 35
[zm
r
]4)
+
3k2
r2
(
−1 + 12
[zm
r
]2
− 15
[zm
r
]4)
+j
2k3z2m
r3
(
3− 5
[zm
r
]2)
+ k4
(zm
r
)4
(5.4.40)
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Knowing Z we can easily determine the current I by :
[I] = [Z−1][V ] (5.4.41)
Field calculation
Once we have obtained the matrix impedance, and knowing the matrix excitation [V], we
can calculate the distribution of the current on the antenna. This enables us to calculate
the vector potential
−→
A :
−→
A =
μe−jkR
4πR
∑
n
I(n)Δlne
jk(xn sin(θ) cos(ϕ)+yn sin(θ) sin(ϕ)+zn cos(θ))−→e n (5.4.42)
The vector potential
−→
A is a sum of vectors. Each element of vector
−→
A is aligned
along the segment to which it refers. We can then determine its three components in the
rectangular system of coordinates :
Ax(θ, ϕ) =
∑
n
An(θ) sin(θn) cos(ϕn) (5.4.43)
Ay(θ, ϕ) =
∑
n
An(θ) sin(θn) sin(ϕn) (5.4.44)
Az(θ, ϕ) =
∑
n
An(θ) cos(θn) (5.4.45)
with :
An =
μe−jkR
4πR
I(n)Δlne
jk(xn sin(θ) cos(ϕ)+yn sin(θ) sin(ϕ)+zn cos(θ)) (5.4.46)
These three components enable us to calculate the polar components along θ and ϕ :
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Aθ(θ, ϕ) = Ax cos(θ) cos(ϕ) + Ay cos(θ) sin(ϕ)− Az sin(θ) (5.4.47)
Aθ(θ, ϕ) = −Ax sin(ϕ) + Ay cos(ϕ) (5.4.48)
Knowing these two components, we can then determine the far ﬁeld radiated by the
antenna :
Eθ = −jωAθ (5.4.49)
Eϕ = −jωAϕ (5.4.50)
Results of the simulation
In the page depicting the MoM simulation (Figure 5.17), we can introduce the input
parameters in two diﬀerent ways : we can send a ﬁle to the server or introduce numerical
data. If we introduce as input parameters the values summarized in Table 5.1 the results
obtained are shown in Figure 5.18 and Figure 5.19.
Otherwise, in the case of a geometrical ﬁle, it must contain the co-ordinates of the
segments placed in six columns (Xn Yn Zn Xm Ym Zm). Furthermore, a ﬁrst line must be
added to this ﬁle in order to provide additional information. The ﬁrst element of the ﬁrst
column provides the number of the feeding point of the antenna, while the ﬁrst element of
the second column must be set equal to 1 in the case of a linear wire antenna, or to 2 for a
loop antenna. The current ﬁle must contain the current value placed in two columns : the
ﬁrst column is the real part of the current and the second column the imaginary part.
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Figure 5.17: Web page of the MoM simulation
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Table 5.1: Input parameter values
Linear wire Circular Square Archimedean Helical Yagi
antenna loop antenna loop antenna spiral antenna antenna antenna
Segment Segment Segment Segment Segment number Segment number
number number number number per spire per element
61 36 31 15 36 21
Radius of Radius of Radius of Width of Radius of Radius of
the wire the wire the wire the wire the wire the wire
0.001 0.001 0.001 0.001 0.0001 0.003
(wavelength) (wavelength) (wavelength) (wavelength) (wavelength) (wavelength)
Length of Radius of Width of Length of the Spire Elements
the antenna the antenna the antenna central branch circumference length
1 0.05 4.44 0.005 0.73 [0.406; 0.406; 0.5; 0.47]
(wavelength) (wavelength) (wavelength) (wavelength) (wavelength) (wavelength)
Branch Number Spacing between
number of spire elements
5 6 [0.334 0.334 0.244]
(wavelength)
Spacing between Angle
branches
0.0001 14
(wavelength) (degree)
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Figure 5.18: MoM simulation results (a)
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Figure 5.19: MoM simulation results (b)
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Figure 5.20: Web page of antenna characteristics
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5.4.3 Antenna characteristics graphical representation
In this simulation (Figure 5.20) we graphically represent some characteristics of the anten-
nas. The graphs will be drawn in the plane or in space. We have two ways of communicating
parameters to the software :
• The ﬁrst one is mainly the analytical expressions of the ﬁelds stored in a database.
The user can consult what is in the database and then put the number related to the
selected antenna.
• Or, for the second one, the input parameters can be of numerical type stored in a
ﬁle.
The ﬁle must have 361 lines and 364 columns, or 361 lines and 724 columns. The columns
correspond to the values of the elevation angles theta whereas the lines correspond to the
values of the azimuth angles phi. The structure of the ﬁle will be the following one :
Real value(Etheta[361, 91]) Imaginary value(Etheta[361, 91]) Real value(Ephi[361, 91]) Imaginary value(Ephi[361, 91])
or
Real value(Etheta[361, 181]) Imaginary value(Etheta[361, 181]) Real value(Ephi[361, 181]) Imaginary value(Ephi[361, 181])
If we choose the third registration in the database, with the following expression for the
ﬁelds :
Eθ =
sin(3θ)
sin(θ)
+ sin(θ) cos(ϕ)
Eϕ = sin(θ) (j + sin(ϕ))
the results will be those of Figure 5.21 and Figure 5.22.
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Figure 5.21: Simulation results (a) for the antenna characteristics
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Figure 5.22: Simulation results (b) for the antenna characteristics
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5.5 Conclusion
Teaching the electromagnetic theory of antennas at an undergraduate level usually requires
vector mathematics in a 3D continuous space. This makes the average course hard to
understand by today’s students, more used to deal with digital/discrete quantities in 1D or
2D spaces. With the purpose of rendering these courses more attractive, we have developed
a series of teaching tools in MatLab environment. To make this process more interactive,
and also to access a much wider number of students, we used the nowadays well developed
web-based tools for e-learning. The MatLab environment with his Matlab Web Server
enables us to create Matlab applications that use the capabilities of the World Wide Web
for inputting data and graphically displaying the output results with just a Web browser.
Once the application was download via the designed receiver, the functioning of the website
becomes easy. Only the server needs to have Matlab installed on it. The customer just
needs a browser to launch the website, which requires only a narrow bandwidth. Since
this courseware was an "open" strategy, the user could himself derived calculations and
introduced his results values saved in a ﬁle and compared them with those of the website.
This way of proceeding would help the user to understand the principle of the method
described.
This courseware was found to be a useful tool for teachers to enhance the understanding
of the antenna courses by the students. All these simulations helped the students to gain
a practical sense for the analysis of antennas. Once the website was set up, any number
of simulations could be carried out if the speciﬁed rules were respected when writing the
program ﬁles. This web course increases the number of potential users, but reduces the
interactivity of the Matlab program. The use of the matlabserver was time consuming for
the user who must wait for the response from the server. But despite this drawback, the
development of this web site contributed to make the antenna course more understandable
and accessible for the average student.
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CONCLUSION AND
PERSPECTIVES
The purpose of our thesis project was to make available to African universities a low
cost system of telecommunications, developed with local material and a simple process to
manufacture antennas.
At the beginning of this project, our aim was to use free satellite communication for
amateurs. This was the initial suggestion that was included in our proposal for the research
project "Antenna for inter-university system of communication" accepted among four other
projects submitted for ﬁnancing by the Swiss Agency for Development and Cooperation
(SDC) (2004-2007). Afterwards, reading carefully the regulations for radioamateurs [83],
we realized that this system of telecommunications could not be used for our application.
Because an amateur service is a radiocommunication service for the purpose of self-training,
intercommunication and technical investigations carried out by amateurs, that is, by duly
authorized persons interested in radio technique solely with a personal aim and without
pecuniary interest. Then we shifted our selection to commercial low cost satellites of
telecommunications. This change in telecommunications system had also a relevant impact
on the receiving equipments. Instead of using an array of adaptive antennas, we designed
only one patch antenna, for which there is no need to use an optimization technique. On
the one hand, the design of equipment is less free and ﬂexible when dealing with commercial
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system than with amateur system. This added some extra constraints to our design eﬀort.
On the other hand, some rules must be observed while using a commercial system of
telecommunications. We chose the more aﬀordable one and we designed an Earth station
for the reception of signals in a satellite system of telecommunications.
First of all, we evaluated some systems of telecommunications which are already avail-
able and focused our choice on the least expensive system, both in terms of receiver cost
and telecommunication fees : the Worldspace system of telecommunications. Among all
the Worldspace receiver manufacturers, there is one, Tongshi, which proposes the lowest
price for a receiver that can be connected to a computer. With the help of a standard
computer, it will become possible for African universities to transfer scientiﬁc informa-
tion from the North to the South. Once we had decided to use the Tongshi receiver
equipment, we obtained characteristics of the the Tongshi Worldspace receiver, in order to
design aluminium-wood antennas providing compatible performances. Before using wood
as dielectric we must know its characteristics.
Then, for the ﬁrst time, we characterized a series of samples of tropical wood, in or-
der to select the type of wood that exhibits the lowest loss tangent. The measurement of
wood dielectric properties is the ﬁrst original contribution of this thesis. It has resulted in
exchanges between our laboratory at EPFL and a German small and medium enterprize
(IMST) interested by the possible experimental applications. We used two available meth-
ods in the laboratory : the waveguide method, which gave us the reference values and the
open resonator method, which will be used to conﬁrm the values measured by the ﬁrst
method. We noticed that all the wood samples that we characterized are linear anisotropic
dielectric media. When we measured the dielectric values of all our samples we realized that
wood is an anisotropic linear dielectric medium, which has an uniaxial character for all the
species of wood considered. Among the indexed wood available in the Cameroon forests,
the one having the lowest density is Ayous. Our measurements show that the dielectric loss
tangent increases with the density of the wood. Since we had determined which sample of
wood has the lowest density, we concluded that it is no longer necessary to characterize all
the Cameroonian species of wood. Among all the wood samples that we characterized, we
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arrived at a conclusion that the best approach would be to use Balsa wood for the patch
substrate and Ayous for the line substrate.
We used these two species of wood to simulate and design the ﬁrst aluminium-wood an-
tennas, with both linear and circular polarizations, by using a simple assembling process :
gluing. First we try to measure the loss of quality between SSFIP antenna and the
aluminium-wood antenna. The measurement of gain gives us 8.54 dB for the aluminium-
wood antenna. This value is larger than the one exhibited by a standard patch microstrip
antenna, and suﬃcient enough for our purposes. Moreover, if we compare this gain with
the SSFIP reference antenna’s gain we have a loss of only 1.5 dB. From this small reduction
in gain, we can conclude that the loss of quality is small between the two types of anten-
nas : we can therefore use the aluminium-wood antenna at the place of the SSFIP antenna.
The measured characteristics of the antennas we designed showed us that we can use only
two types of aluminium-wood antennas to receive Worldspace satellite signals : the an-
tenna with only Balsa as patch substrate or the antenna with Balsa as patch substrate and
Ayous as line substrate. With these two antennas we measured gains which ﬁt the Tong-
shi Worldspace receiver system characteristics. We want to thank the German company
IMST which allowed me to spend one week for a short term scientiﬁc mission supported
by COST-284 funds. During this mission we have characterized Balsa wood, manufactured
the ﬁrst wood antenna and measured its parameters. We also discussed some technical
aspects of antenna manufacturing using local material. All these experiences gained were
used within the framework of this thesis.
Then we proceeded to design a simpliﬁed low noise ampliﬁer with characteristics similar
to those of the Tongshi receiver. Standard microwave and circuit design theory was used to
provide an initial topology and to check the viability of our proposed design. However, since
the simpliﬁcations of the theoretical model led to inconclusive results, the ﬁnal characteri-
zation of the LNA performance had to be obtained by direct measurement. The measured
characteristics of the designed LNA were adequate for our application. After the design
of our simpliﬁed LNA we connected it to the antennas that we had also designed. The
reception tests of satellite signals conﬁrmed that this combination of the simpliﬁed LNA
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and the aluminium-wood antenna works perfectly. During the test, we received the sig-
nals from all the radio stations which are located in the west beam of Afristar Worldspace
satellite. These positive receptions conﬁrmed that we can use wood, aluminium and a
simple manufacturing process to design antennas for the reception of satellite signals. The
RF front-end we designed here can be manufactured locally with a minimum of speciﬁc
training. Already at the prototype/university level, costs are certainly much lower than for
buying a commercial equipment.
Finally we designed a course for the remote study of antennas by associating our Matlab
codes to PHP codes through the Matlab Webserver software. It enabled us to make our
Matlab codes available to a large number of students, so that students can better under-
stand antenna theory. We designed an "open" strategy course to help the user to understand
the antenna course by practising himself. The development of this web site contributes to
making antenna courses more understandable and accessible to the average student. These
codes were successfully tested in EPFL in the course "Antennas and Radiation".
Within our project, we built the ﬁrst aluminium-wood antenna and convincingly demon-
strated its application to a satellite receiver. There is still room enough to improve the
characteristics, in particular for the circularly polarized antenna, as we did not yet get
the best possible ellipticity in our radiation pattern. The next ﬁrst step will be to pursue
simulation, in order to realize a circularly polarized wood antenna with a more optimal el-
lipticity. The second step will be to realize a wood antenna with dual circular polarization
since this could double the possibilities for receiving diﬀerent channels from the targeted
satellites.
Some Future Perspectives
Back to other more general perspectives for further development and improvement, the
following can be said :
• The obvious power source for our antennas is power provided by solar cells. Indeed,
in our prototype we have used solar cells to power and bias the LNAs. LEMA-EPFL
has conclusively demonstrated that low cost amorphous silicon solar cells can be used
as "solar antennas" [84]. Therefore we could replace the aluminium patch by a solar
210
cell, solving in this way simultaneously the problem of RF signal reception and of
power generation. This insight is fully conﬁrmed by the fact that several companies in
Switzerland (VHF Technologies [87]) are developing cheap mass production of ﬂexible
ﬁlm solar cells that could ﬁt our design and provide in addition another chance for a
successful North-South technological transfer.
• Recently, the idea of replacing satellites by high altitude platforms (HAPS) has re-
ceived a lot of attention [85]. In Europe, several projects funded by the European
Commission (CAPANINA, ...) aim at this goal. HAPS could provide a good solution
for communications in Africa, and this has recently been acknowledged in a document
of the "Fonds Mondial de Solidarité Numérique" [88]. Again, LEMA-EPFL is fully
aware of these developments and collaborates in some Swiss initiatives like ASOLANT
[84] and STRATXX [86]. Therefore, this will be an excellent new challenge for our
RF front ends and receiving wood antennas.
• Finally a market study is being conducted in parallel with this thesis. At the end of
this study, mass production of the aluminium antennas should begin in Cameroon.
Then a didactic video and a simulation of the manufacturing process of Cameroonian
local antennas would be added to the courseware and make of this e-course a very
valuable tool for teaching and manufacturing of antennas.
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